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SYNOPSIS 


Enzymes are functional units of cell metabolism. They are 
highly specific and extremely efficient catalysts. In vitro 
studies of enzymes are usually Carried out in water (in buffered 
medium). However, in the living cell, enzymes either act on the 
surface of biological membranes or inside them. In principle, 
properties of water near a water/membrane interface are 

significantly different from those of bulk water. To simulate in 
vitro condition of enzyme action in vivo . enzyme reactions are 
often performed in mixtures of aqueous and non-aqueous (apolar) 
solvents. But apolar environments are known to inactivate and 

denature the enzyme rapidly. In order to search an alternative 
medium for in vitro study of enzyme action in cellular reaction 
and to extend the utility of enzjrmes in technological processes, 
specially in organic synthesis , which are thermodynamically 

favoured in apolar solvent, it will be necessary to use them in 
apolar medium. To attain this goal, enzymes must be protected 
from the harmful effects of apolar environments by some means. A 
reasonabie way out of this situation is to entrap the enzymes in 
aqueous inner core viz. waterpool, of the reverse micelles formed 
by the surfactant aggregation in non-aqueous solvents. Waterpool 
of the reverse micelle behaves as microreactor where guest 
enzyme molecules are protected from the hostile action of organic 
solvents. In recent years reverse micelles have been shown to 
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provide unique environment for enzymes, nucleic acids and other 
biomolecules. 

First chapter of the thesis presents a brief and critical 
review of the relevant literature in the area of normal micelles 
and reverse micelles. Special emphasis has been given to the 
study of enzymes and their biotechnological applications in 
reverse micellar medium (microheterogeneous medium) because of 
similarity to the system chosen by us. 

In the second chapter, the solubilization and activity of 
the enzymes in reverse micellar medium have been described. 
Since very few enzymes which were very simple and having low 
molecular weight and single subunit, were studied in reverse 
micelles, therefore for the study of the behavior of enzymes in 
reverse micelles a class of oxidoreductase enzymes has been 
chosen. A majority of oxidoreductase enzymes are also called as 
dehydrogenases or reductases. The idea to select the enzymes of 
this class was based on their diverse characteristics such as 
having more than one subunit, large and complex enzymes, involved ; 

■ ■ ' ' I 

in coupled reactions and enzymes having very specific and 
important use in many biological and technological processes. 
Dehydrogenases are involved in various metabolic mechanisms in 
the living cells. Moreover dehydrogenases are the key to many 
biological processes. Therefore, investigations on 

dehydrogenases in such kind of microheterogeneous medium are 
likely to provide a realistic picture of enzsnne behavior as the j 
hydrophobic and polar environment provided by reverse micelles is 
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somewhat similar to the cellular environment. In this context 
following three enzymes have been studied extensively. 

(i) Dihydrofolate reductase (DHFR) or Tetrahydrof olate 

dehydrogenase 

(ii) Malate dehydrogenase (MDH) 

(iii) Lactate dehydrogenase (LDH) 

These enzymes have been selected keeping in mind their 
important biological and technological characteristics. They are 
in increasing M.W. and complexity from DHFR-MDH-LDH direction. 
Dihydrofolate reductase is a key enzyme in folate metabolism and 
the primary target for antifolate drugs. The * enzyme catalyses 
the reduction of 7 , 8-dihydrof olate to its active form 
tetrahydrof olate . 

1 CHFR 4- 

Dihydrofolate + NADPH + H ^ Tetrahydrof olate + NADP 

This enzyme is of low molecular weight 20000 dalton) but 

it is very important in terms of medical point of view. The 
enzyme is strongly inhibited by certain drugs such as 
methotrexate (an analog of dihydrofolate) clinically useful in 
the treatment of some forms of cancers. 

Malate dehydrogenase is relatively bigger and complex enzyme 
70000 dalton, 2 subunits) than DHFR. MDH is an enzyme of 
citric acid cycle and it catalyses the last reaction of this 
cycle. 

' + MDH + 

^ ^ ^ + NAD ^===^ Oxaloacetate + NADH + H 
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This enzyme is used in coupled assay for the determination of 
activity of other enzymes such as ATP-citrate lyase, citrate 
synthase etc. It is of clinical interest as its activity in 
sertim has been shown to be of diagnostic significance. 

The next enzyme of increasing M.W. and complexicity is 

lactate dehydrogenase. This is a bigger enzyme (M. 140 , 000 

dalton and 4 polypeptide chains) than MDH and much bigger than 

DHFR.LDH plays an important role in several metabolic pathways. 

It forms the centre of a balanced equilibrium between catabolism 

and anabolism of carbohydrates. In anaerobic glycolysis, LDH is, 

the terminative enzyme in the sequence of reactions that promote 

the breakdown of glucose to lactate therefore it is essential for 

the production of ATP, an efficient energy carrying system in 

cells. LDH catalyses the following particular reaction 

+ LDH + 

Pyruvate + NADH + H -£===^ Lactate t NAD 

' 

The function of LDH is to regulate pyruvate lactate equilibrium 

1 

in the living cells. Iij vitro . LDH is used in the coupled assay i 
for . the determination of activity of other enzymes such as : 

pyruvate kinase, myokinase etc. It is also used for the | 

' ^ ■' i 

determination of lactate concentration in blood or serum.^ ; 

For the study of these enzymes in reverse micelles, the 
system cationic surfactant cetyltrimethylammonium bromide 
(cetrimide, CTAB) in isooctane-chlorof orm ( 1 : 1 , v/v) non-aqueous 
medium has been used. With few exceptions, anionic Surfactants 
were found to denature dehydrogenases. These enzymes, under 
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specific conditions have been found to be active in the GTAB 
reverse micellar system. Spectroscopic perturbation of the guest 
enzymes is smaller in CTAB than in anionic surfactant sodium 
bis ( 2-ethylhexyl ) sulf osuccinate abbreviated as aerosol OT or 
AOT. The choice of this surfactant system is also based on its 
special characteristics to provide a bigger water pool size for 
big molecules of enzymes. The size of the water pool can be 


varied by either 

changing 

water 

content 

or 

surfactant 

concentration. The 

molar 

ratio 

of water 

to 

surfactant 

concentration jis called degree of 

hydration 

i . e. 

II 

0 

o 


[HgOJ/CCTAB] ) . The w^ is an important parameter which determines 
most of the structural and physical properties of the reverse 
micelles. 


Solubilization of these enzymes in reverse micellar system 

is governed by some parameter like w , CTAB concentration, type 

o 

and concentration of buffer, concentration of aqueous stock 
solution of enzymes, temperature etc. Solubilization of enzymes 
and substrates in this microheterogeneous system was accomplished 
by the injection method. 2-10 hi of the concentrated aqueous 
stock solutions of the enzymes or substrates were injected with 
the help of microsyringe in the reverse micellar solution and the 
resultant mixture was vigorously shaken. The reverse micellar 
solutions were found to be homogeneous and optically transparent. 
One important characteristics of the reverse micelles is having a 
communication channel that permits rapid exchange of material 
from one micellar aggregate to another a.ggrega.'te. The 
solubilized enzymes reside in the centre of water pool. 
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surrounded by shell of waber molecules which probect. bhe enzymes 
from bhe surfacbanb wall and from bhe bulk organic solvenbs. 

The acbiviby of enzymes was measured by bhe 
specbrophobomebric mebhod. The inibial velociby of enzyme 
reacbion was measured by observing bhe decrease in absorbance 
wibh bime ab bhe absorpbion maxima (340 nm) of NADH/NADPH and bhe 
specific enzyme acbiviby was calculabed. The enzyme acbiviby was 
found bo be .dependenb on various paramebers like w^, 
of bhe shock buffer solubion injecbed inbo bhe reverse micellar 
solubion) and surfacbanb concenbrabion ebc. These paramebers 
highly regulabe bhe enzyme acbiviby in reverse micellar sysbem. 
The maximum enzyme acbiviby was observed ab bhe opbimum 

condibions P^ CTAB concenbrabion) and bhese condibions 

were differenb for differenb enzymes. Sbriking feabure of bhe 
enzyme acbiviby in bhis reverse micellar sysbem, is bhe 

appearance of super acbiviby in dihydrof olabe reducbase ab 
13.33, pH 7.0 and CTAB concenbrabion 75 mM. Super acbiviby means 
higher enzyme acbiviby of DHFR in micellar solubion bhan bhab ; 
obbained in aqueous medium ab ibs opbimum condibion. Lacbabe 
dehydrogenase was found bo be fully acbive in bhis 

microheberogeneous sysbem. Abw^ 30.55, pH 7.0 and 100 mM CTAB 
concenbrabion, acbiviby of LDH was 100% of ibs value in aqueous 
buffer. Malabe dehydrogenase was able bo rebain almosb full 
acbiviby compared bo bhe acbiviby found in aqueous medium. Ab w^ 
25.55, pH 10 .3 , CTAB concenbrabion 100 mM, bhe acbiviby of MDH 
was 80% as compared bo bhe aqueous medium. For bhese enzymes bhe \ 
acbiviby profiles appear bo be complex and are highly dependenb i 
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on "these parame"ters . These da"ba on "the s"budy of enzymes (DHFR, 
LDH and MDH) show that these dehydrogenases are able to retain 
their catalytic activity while solubilized in reverse micelles 
and thus maintain their conformational integrity and subunit- 
subunit interaction inside the micellar core. Since reverse 
micelles have some features similar to those of biomembranes, 
therefore display of superactivity by DHFR shows that enzymes in 
vivo may posses higher activity than actually found by in vitro 
studies in aqueous solution. 

Third chapter of the thesis deals with the investigation 
carried out for establishing product formation in enzymic 
reaction catalysed by these dehydrogenases. This chapter also 
presents investigation on storage and operational stability of 
these dehydrogenases in this microheterogeneous system of CTAB in 
isooctane/chloroform/water. The identical nature of the enzymie i 
reaction in water (buffer medium) and micellar solution has been 
established with the help of spectral data. For this the i 

absorption spectra of the aqueous and reverse micellar solution, 
before and after the completion of enz3me reaction, were | 
recorded. These spectra recorded at different condition of w^, 
pH and CTAB concentration, established the formation of same 
product in both the media. 

Time dependent stability of enzymes in an environment is of 

f 

great interest because it can improve the storage condition of 

" ^ ■ I 

■ ' ' • ( 

enzymes. Time dependent stability of these enzymes in this | 

system were carried out by incubating the enzyme with or without 



xiii 


coenzyme or substra'te at 30°C. Aliquots were taken at different 
time intervals and the residual activity was checked. The data 
show that these enzymes (DHFR, LDH and MDH) when incubated with 
NADH or NADPH show better stability than incubated with 
substrates or enzyme alone. Time stability was dependent on w^ 
and other parameters. DHFR shows better stability at low value 
of w^ (w^ = 7.22) as w^ increases enzymes showed more 

inactivation. For DHFR the conditions for better stability and 
super activity were different which probably indicates that 
enzyme has different conformation for stability and super 
activity. Both MDH and LDH show better stability in conditions 
where they show their maximum enzyme activity, this • probably 
indicates that they have same conformation for stability and 
activity. ■ . 

In the last chapter kinetic parameters and kinetic 
characteristics for these enzyme (DHFR, LDH and MDH) in the 
microheterogeneous medium have been described. Effect of 
substrate concentration in this medium showed that these enzymes I 
obey Michaelis-Menten kinetics up to specific concentration range j 
of either substrate or coenzyme. At high substrates 
concentrations, the enzymes exhibit substrate inhibition. 
Similar to the aqueous medium these enzyme in reverse micelles 
follow initial velocity patterns ( Lineweaver-Burk plots). 

Michaelis constant (K ) and other kinetic and binding parameters 

m ' , . 

at different values of w were calculated from the primary and 

o [ 

seGondary Lineweaver-Burk plots. in micellar medium can be 

expressed in two way (i) (K^) overall or (K^)„ (ii) (K_) 
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water pool or (K ) . If concentration of substrates is 

ra wp 

considered in overall volume of micellar solution then it gives 

the value of (K ) and if concentration of substrates is 

m ov 

considered to be restricted in waterpool then it gives the value 
of From secondary plot, obtained from primary 

HI jP 

lineweaver-burk plots, (K ) has been calculated. (K ) can 

m ov m wp 

then be calculated from following equation. 


(K ) 
m ov 


= (K ) , 

m wp 


w 


where F is water volume fraction, 
w 

For these dehydrogenases both substrate or coenayme is 

in good agreement with (K ) (i.e. 

m aqueous ^ m m 

while (K ) is an order of a magnitude higher than (K ) 

m'wp ® ^ m aqueous 

Since reverse micellar solution is a homogeneous solution 

therefore (K ) seems to be valid K in micellar 

m ov m 

solution. As K is a good measure of dissociation constant of 

tn 

the enzyme- substrate (E-S) complex therefore K in micellar 

m 

solution indicates that the stability of the E-S complex in 
reverse micellar media remains almost unaltered. 


The results of maximum enzyme activity (full or even higher 
enzyme activity than those in aqueous medixim) , stability and 
kinetic characteristics of these enzymes in reverse micellar 
medium have been discussed in terms of special microenvironment 
generated by the formation of right type of surfactant aggregates j 
wherein the enzymes retain their most active conformations. 
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aSMERAL INTRODUCTION 


Enzymes are of supreme importance in biological systems. 

Life depends on a complex network of chemical reactions brought 

about by specific enzymes. The striking characteristics of all 

enzymes are their catalytic power and specificity. They 

accelerate reactions by factors of at least a million. They have 

highly distinctive and biologically crucial properties. Enzymes 

do not alter reaction equilibria. Rather they serve as catalysts 

by reducing the activation energy of chemical reactions. The 

living cell is a very highly organised system; containing many 

complex structures like mitochondria, lysosomes, peroxisomes, 

ribosomes, chloroplasts , golgi apparatus, secretory granules, 

nucleus etc. A knowledge of various enzymes within the cell in 

relation to these structures is highly important for the 

1 ~5 

understanding of tha function of cell. 

I.l IN VITRO STgPY QE ENZYMES 

In vitro studies of enzymes are usually carried out in water 



2 


(buffer). However, in the living cell quite a number of enzymes 

act on the surface of biological membranes or are embedded in the 

inner part of the membrane. More clearly, the membranes of cell 

and subcellular organelles are the site of several enzymes. 

It is known that properties of water in proximity to the 

9 10 

interface differ significantly from those of bulk water. ’ 

These reasons indicate that enzymes in vivo do not function 
in simple water but in an environment which is more like the 
water/organic medium interface. It is, therefore, considered by 
many researchers that traditional studies on the behavior of 
enzymes in aqueous solution provide an imperfect picture of 
biological reality. 


To simulate jja vitro the condition of enzyme action ip vivo , 
enzymatic reactions are often carried out in a mixture of water & 
organic solvent having a higher concentration of nonaqueous 
components. However such homogeneous media are also far from 
ideal. A reasonable way out of this situation is to search for 
adequate models that may simulate the structure and function of 

enzymes-containing fragments of the cells and of biological 

, 12-14 

membranes . 


1.2 


MQPEL QE 




BRAHES 


Biological membranes are organised assemblies that consist 
of mainly proteins and lipids. Lipids are amphiphilic molecules 
and many enzymes are deeply embedded in the hydrophobic region of 
lipid bilayers. It has been thought that a model having known 
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k 

lipid arrangement might be useful for the ip vitro study of 

enzyme behavior. Lipid molecules can associate in various ways 

and may form reverse micellar structures which represent an 

3 4 14 15 

extremely realistic model of biomembranes. ’ ’ ’ 

The lipids which are called natural surfactants are quite 

expensive but synthetic surfactants are much more cheaper. 

Aggregation of synthetic surfactants also provides a very good 

medium for in vitro study of enzymes both from economic and 

16 17 

scientific standpoint. ’ Association of these surfactants in 

water gives normal micelles whereas in organic solvents reverse 

micelles are fonned Schematic representation of normal and 

reverse micelles is given in Fig. I.l. Both normal and reverse 

micelles are recognized models of biologically important 
1 8 “20 

structures. A more detailed information about surfactants, 

normal micelles and reverse micelles will be given later. 

1.3 USE OF SURFACTANTS IN THE STUDY OF ENZYMES 

Studies on enzymes in aqueous surfactants solution (normal 
micelles) have resulted in solving many methodological problems 
like solubilization of water insoluble membrane proteins, 

solubilization of water insoluble substrates for enzymes 

8 21 22 

etc. ’ ’ Most membrane bound proteins can be extracted from 

their membranes by surfactants possessing lipophilic chains which 
bind to the protein at its hydrophobic regions. Sodium 
deoxycholate is widely used for this purpose. Sodium dodecyl 
sulfate (SDS) has been used in SDS gel electrophoresis which 
enables to determine the molecular mass and subunit composition 
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Fig.I.l. A two-dimensional schematic representation of 
spherical ionic (a) normal micelle (b) reverse 
micelle;. {•) the polar head group; C»)the counter- 
ion; ( ) the hydrocarbon chain. 
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of proteins. Nonionic surfactants such as Triton X-100, Brij-35 
are mild in their action and most proteins, whether originally 
membrane bound or not can maintain their activity in these 
surfactants. On the other hand surfactants like SDS have 
extremely denaturing effect on enzyme proteins . Catalytical 
properties of enzymes in such systems remain poorly studied. The 
situation can be easily explained by the fact that many 
enzymologists consider surfactants to be merely denaturating 
agents. 

1.4 , IMPORTANCE Q£ IHE SIUDY QE ENZYMES US BEYEBSE MICELLES * 

The tertiary system of surf act ant /water /organic solvent 

results in the formation of reverse micelles which possess novel 

prospects for enzymology due to the additional component namely 

water-immiscible organic solvents. For a long time organic 

solvents have been used for the extraction of proteolipid 

8 

fragment of biological membranes. Proteolipid complexes in 

organic solvents serve as building blocks for the reconstitution 

of biomembranes. As for the structure of proteolipid complexes it 

is believed that they are similar to the reverse micelles of 

24 25 

phospholipid with an entrapped protein. ’ An early study on 
the structure of an entrapped protein, cytochrome C, entrapped 
inside a phospholipild complex in isooctane showed that the 
protein has same absorption spectrum and dispersion of optical 
rotation as it has in water or in lipid in water dispersion. ^ 

The system of phospholipids in organic solvents has been studiedin 
detail and it was found that the phospholipids form reverse 
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micelles. Mental et al. established the spectral characteristics 

of integral protein (rhodopsin) in the phospholipid complex in 

hexane, are similar to those of the native state in biological 
29-31 

membranes . It has also been discovered that the absorption 

spectra of trypsin and chymotrypsin in hydrated phospholipid 

32 

complex dissolved in isooctane are similar to those in water. 

A rapid development of enzymological research in organic 

solvents started in 1980 ’s when natural surfactants 

(phospholipids etc) were replaced by synthetic surfactants to 

solubilize enzymes. Luisi in ETH Switzerland found that when 0t~ 

chymotrypsin was solubilized in cyclohexane by means of cationic 

surfactant (N-methyltrioctyl ammonium bromide), these was almost 

1 6 

no change in the absorption spectrum compared with water. 

Similarly Martinek reported that when CC- chymotrypsin and 

peroxidase were entrapped inside the reverse micelles of anionic 

surfactant (sodium bis(2-ethylhexyl)sulfosuccinate so called 

Aerosol OT or AOT) in organic solvents (Octane/Benzene), the 

17 

catalytic activity was retained. Now few groups are engaged in 
micellar enzymology in organic solvents. The 
modern stage of micellar enzymology development is characterised 
by the fact that colloidal solution of water in organic solvents, 
stabilized with amphiphilic compounds like surfactants, 

represents an universal microheterogeneous medium for enzyme 
36 


reactions . 



7 


1.5 UTILIZATION OF EH2YMES IH QBQAHIg SQLYBHTS 

Another important reason for the study of enzymes in reverse 

micelles in organic solvents is based on the utilization of 

enzymes as biocatalysts in many technological processes. 

Specific prospects are the use of enzymes as catalysts in the 

synthesis of fine organic chemicals, for the preparation of 

medicinal substances and for the synthesis of important 

37-39 

biochemical compounds. However, such wide spread employment 

of enzymes in practice is hindered by the fact they retain their 

unique catalytic properties usually only in aqueous solution 

under mild conditions. On the other hand it is known that many 

chemical reactions are driven by thermodynamic factors towards 

the required product only in specific organic solvents. This is 

some times due to the specific solvation effect or to the 

solubility of individual components of the reaction or in other 

cases to the fact that together with required product water is 

formed and consequently in aqueous solution the equilibrium is 

strongly shifted towards the original substances. Unfortunately 

change over from water as the reaction medium to an organic 

solvent is invariably accompained either by complete denaturation 

of the enzyme or in a sharp decrease of its catalytic activity 

13 40 41 

and the disappearance of its substrate specificity. ' ’ One 

of the possible way out of this situation is the creation of a 

model catalytic system, survivable in organic solvents. In 
particular the system of reverse micelles in organic solvents 
can be used as such a model system. Enzymes can be solubilized 

in the polar core of the reverse micelles. The enzyme thus 
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solubilized retains practically completely its catalytic activity 

and substrate specificity. Apparently the enzymes being enclosed 

in the reverse micelles are protected against denaturation 

(unfolding of their structures) due to the fact that interface 

between the protein globule (or its surface layer of water) and 

the organic solvents phase is stabilized by the surfactant 

molecules. The enzyme can directly and without adverse contact 

17 41-43 

with the organic solvent, exist in a unique microreactor. ’ 

Because of these fundamental and applied reasons, detailed 
studies on "Reverse Micellar Enzymology" became a need of the 
present time. To carry out studies in this system understanding 
of different components involved such as surfactant, micelles, 
reverse micelles, enzymes and their applied aspects, is 
necessary. A brief discussion of these is presented here. 

1.6 SURFACTANTS; FORMATION OF MICELLES AND REVERSE MICELLES 

Surfactants commonly called detergents or surface active 
agents are amphiphilic substances possessing nonpolar regions 
(hydrocarbon chains) as well as polar region (head groups) which 
may or may not have charges. When the head group is positively 
charged, one refers to the surfactant as cationic whereas anionic 
surfactants have negatively charged head groups and nonionic 
surfactants have polar but neutral head groups. The nonpolar 
moiety can be of different length, contain unsaturated bondis), 
and/or consist of two or more chains. Functional groups can also 
be incorporated into surfactants. Besides the polar heads and 



9 


hydrocarbon chains, ionic surfactants have counter ions which 
have opposite charge to the polar head group. Long chain alkyl 
ammonium halides and alkyl pyridinum halides are the most 
frequently used cationic surfactants. An example of this is 
hexadecyltrimethylammonium bromide (CTAB) which is generally 
adopted as a cationic surfactant in most of the studies. Metal 
salts of alkyl sulfates are commonly used anionic surfactants. 
Sodium dodecyl sulfate (SDS), most widely used anionic 
surfactant, is an example of this class of surfactants. Most 
nonionic surfactants are polyoxyethylene derivatives of coiiipounds 
such- as alkyl phenol and alcohols, fatty acid esters etc. 

As a result of association these surfactant molecules fotm a 
structurally rich variety of organised assemblies. If the 
association is in aqueous medium, it is referred to as micelle or 
normal micelle whereas reverse micelle is formed by the 

association of surfactants in nonaqueous medium. 48 

1.6.1 Mlcfillsa Qz normal mlcflllsa 

Over a narrow range of concentration of these surfactants in 
aqueous solution, there is a sudden transition in the physical 
properties of the surfactants. This transition corresponds to 
the formation of aggregates or micelles and this concentration is 
used to define critical micelle concentration or CMC. A large 
number of method exist for the determination of CMC. CMC values 
depend on the several factors such as hydrophobicity of the 
hydrocarbon chain, on the nature of the polar head group and 
counter ion, on the type and concentration of added electrolytes 
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and on t,he net. charge of the surfactant. CMC values are also 
affected by the temperature, pressure and added 
electrolytes . ^ ® 

1.6.2 Miggllea arfi dynamic speclea 

Micelles are riot static species but rather exist in a 
dynamic equilibrium. They rapidly break up and reform. The 
association of surfactant monomer is characterized by monomer 
n-mer association where n is the aggregation number which 
determines the size and geometry of the micelle. It is generally 
assumed that micelles at concentration close to their CMC are 
roughly spherical or ellipsoidal. The hydrophobic part of the 
aggregate forms the core of the micelle while the polar head 
groups are located at the micelle water interface in contact and 
hydrated by a number of water molecules. When the surfactant 
concentration markedly exceeds the CMC, the shape of the spherical 
or ellipsoidal micelle undergoes gradual changes. It elongates 
to assume cylindrical or lamellar structures. Micelles have 
average radii of 12-30 and contain 20-100 monomers. 

1.6.3 A pp licatian stl micfillsa 

An important function of micelles is to provide an 
environment that differ substantially from that of the bulk 
water. Many applications of micelles are related to their 
ability to dissolve or solubilize water insoluble substanGes. A 
sudden increase in solubility occurs in the region of the CMC. 
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Solubilization is the basis of many industrial processes and is 
of fundamental importance in rationalizing micellar effects or 
reactivities . 

1.6.4 Migfillea inilasncfi Bajbfia ol CtLsalcal Reactions 

Rates of numerous organic and inorgauiic reactions are 
effected by micelles in aqueous solution. Catalysis or 
inhibition is the consequence of substrate solubilization in the 
micellar pseudo/phase. Rate effect can be attributed to 
electrostatic, hydrophobic, electrophilic and/or nucleophilic 
interaction with the resultant alteration of the free energy of 

•toco 

activation for the overall process. ' Many reactions have 
served well as model system in the investigations of micellar 
effects on reaction rates. The effect of micellar solution on 
various types of hydrolytic reactions has been investigated. 
Hydrolysis of esters, sulfates, phosphates, etc. in micellar 
media is characterized by the fact that micelles either retard or 
enhance the rate of hydrolysis which is attributed to the 1 

hydrophobic and electrostatic interactions . | 

The effect of aqueous micelles has been investigsited on many ( 
organic reactions. Cationic surfactants increase and anionic : 

surfactants decrease the pseudo second-order rate constants for 

, 58 ' f 

the Cannizaro reaction of benzaldehyde . Other type of 

reactions studied in micellar media are; base catalysed 
hydrolysis of 0i,J3 -unsaturated ketones, synthesis and hydrolysis | 
of benzylidine aniline thioi-thi amide exchange reaction, bemin ! 
equilibria, electrophilic coupling reactions, recemization of 



12 


biphenyl, decarboxylation of substituted carboxylate ions, 

1 ft 

radical and excited state reactions etc. ’ Transimination 

reactions of tetramethylazine-bis-barbiturate, barbituryl- 
azineindandione and azine-bis-indandione with semicarbazide have 
been also studied in micellar media in detail. An important 
area of micellar investigation namely the reactions of triphenyl 
methane carbocations with nucleophiles have been studied 

c "t c Ck ct a a Q 

extensively in Kaliyar’s group” ’ and other workers. 
Special attention of Katiyar’s laboratory was focussed on the 
reactions of several triphenylmethane dyes namely, ethyl violet, 
methyl violet, malachite green, brilliant green, setoglaucin with 
nucleophiles such as OH and CN in the presence of cationic, 
anionic and nonionic micelles. An appropriate quantitative 

treatment for micellar effects and for the effects of counterions 

, , , 70,71 

was developed. 

1.6.5 Kinetics oi reactions in misflllfia 

Interest in micellar chemistry was initially prompted by the 

proposed similarities between the structures of globular protein , 

and spherical micelles and between micellar and enzymatic 

catalysis. Micelle catalyzed reactions can be treated in a 

manner analogous to enzyme catalyzed reactions. Binding constant 

(K ) for the substrate micelle interaction can be determined from 
s 

18 20 

the values of the CMC and the aggregation number. ’ 
Mathematically micelle catalyzed reactions can be treated by the 
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1 

+ .. (I.l) 

(k'^-k'„)KJM3 

where k and k’ „ are "the first, order rate constants in the bulk 
w M 

and micellar pseudophases, respectively and k„ , is observed 

¥ 

first order rate constant for the reaction. 

This equation is similar to the Lineweaver-Burk equation 
used in enzyme kinetics and describes the kinetics of micelle 
inhibited and catalyzed unimolecular processes. 

1.6.6 Paer, abilila q 1 mlgfillfla tg mimlg saamaa 

Although micelles in water have provided useful models for 
utilizing binding energies for decreasing free energy of 
activation, the observed rate enhancement and specificities have 
been, in most cases, unimpressive. The flexibility and dynamic 
nature of the monomer micelle substrate system, water penetration 
and solubilizate induced structural changes, are the reason for 

the relatively poor ability of micelle in aqueous solution to 

. . ' 48 

mimic enzymes. 

1.7 BEYERSE MICELLES 

An alternative meditam for approximating the effects of 
selective substrate partitioning and binding, mono and 
multifunctional catalysis and changes in the effective 
microenvironment of the reactants is provided by surfactant 


following equation. 


1 

k' +k. 


w 


¥ 


k' +k' 
w M 
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aggregates in nonpolar solvents. Such surfactant aggregates have 

been termed reversed or inverted micelles . In contrast to normal 

micelle, in the reverse micelles the polar head group of the 

surfactant molecules are directed towards the interior of the 

aggregates and form a polar core whereas hydrophobic chains are 

exposed to the solvent. The most important difference between 

aqueous and reverse micelle is that in the aqueous micelle 

substrate do not penetrate inside appreciably whereas in the 

reverse micelles substrate(s) , if polar, are localized in the 

18 20 48 

hydrophilic cavity of the reverse micelles. ’ ’ 

1.7.1 Surfflfitanta tsix. jbJia iaraatign g£ reverse micelles 

Several type of surfactants (those with large ions and small 
counter ions) which aggregate in apolar solvents are shown in 
Table - I .1 Surfactant association in apolar solvents is 
predominantly the consequence of dipole-dipole and ion pair 
interaction between the amphiphiles. This is quite different 
from opposing hydrophobic attraction-electrostatic repulsions 
responsible for micellization in water. Aggregation behavior in 
organic solvents is complex. It depends on the nature and 
concentration of the surfactant as well as on the property of the 
solvent. Furthermore, solubilities and aggregation of 
surfactants in organic solvents are dramatically affected by the 
presence of a deliberately added or unintentionally present third 
component. Experimental evidence indicates virtual impossibility 
of complete water removal from the surfactants. The presence of 
water, at least in trace amount, was, infact, suggested to be a 
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TABLE 1,1 

SURFACTANTS WHICH AGGREGATE IN NON-AQUEOUS SOLVENTS 


1 . Cationics 


+ 

RNH2-02CR' 

Alkylammonium carboxylate 


R = 0^2^25 


“I* — 

CH^ (CH2)^5N(CH2)3Br ' 

CTAB/ usually 

requires a cosurf actant 


2 


Anionics 


O p 

II I 

ROCCH^CHCOR 

SO 3 M 

sulf osuccinates 
R = 2— ethylhexyl 
m’^= Na'^'iAOT 



(GH 3 ) 2 GH 



Sodium Dinonylnaphthalenesulfonates 


3 • Nonionics 


C 9 H 13 




(OCHoCH^) OH 
z z n 


^e'^lT'X y(0CH2CH2);,0H 


Polyoxyethylene nonylphenols * Polyoxyethylene octylphenol 


n = e; Igepal CO-530 


n = 9 . 5 ; Triton X-100 
n = 5 ; Triton X-45 


4. Zwltter ionics 

0 

II 


fi 


RCOCH^CHOCR * 

I 0 




CH20I-OCH2CH2N (CH3) 3 

o” 


Phosphatidylcholines (Lecithin) ' 



aggregation 


in 


organic 


prerequisite for surfactant 

solvents. '20. 47, 48, 72-74 


1.7.2 AaaQclation of aurfactanta in nanzaa i is oi ia aolventa 

Unlike surfactant aggregation in aqueous solution, which is 
often characterized by well defined CMC and monomer n-mer 

association, surfactants in nonpolar solvents often display 
indefinite self association. Cationic &. nonionic surfactants 
display stepwiae aggregation behavior.- (monomer < - — — » dimer 

< > trimer > n- mer) . On the other hand anionic 

surfactants (Dioctylsulphosuccinate sodium salt, AOT & 
Dinonylnaphthalene sulfonate) and naturally occurring surfactant 

phosphatidylcholines (lecithin) display monomer < — > n- mer 

association in nonpolar solvents . I®’ 

Reverse micelles, from anionic surfactants are characterized 
as a rule, by a narrow distribution and form which do not depend 
on surfactant concentration. In the case of cationic surfactants 
micelles are more often polydispersed and higher the surfactant 
concentration, higher is the portion of larger associates. The 
concept of CMC has been questioned for surfactants in organic 
solvents. It is often difficult to assign a meaningful critical 
micelle formation. Eicke & Coworkers' have recently provided 
a general definition of reverse micelles. They considered the 
independence of aggregates above the operational CMC rather than 
their size as an essential requirement for aggregation in 
nonpolar solvents. Many techniques have been utilized in the 
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investigation on surfactant association in organic solvents. 

77 76 78 

Solubilization, vapour pressure depression, ’ U.V. 

18 79 1 80 81 

absorbance, dye absorbance, H nmr light scattering, 

82 

surface tension methods are commonly used for the determination 
of aggregation behavior in organic solvents . Positronium 

annihilation techniques have been extensively used for this 

83 

purpose. Shapes and sizes of surfactant aggregates in apolar 

solvents depend strongly on the type and concentration of 

surfactant and on the nature of the counterion and solvent. The 

linear dimension of reverse micelles are usually less than few 

nanometers. Aggregation number in the reverse micellar type 

association is very large which increases with increasing water 

concentration. Most important is the fact that reverse micelle 

exhibit relatively ordered structure characterized by a definite 

18 20 

radius and molecular weight. ' 

1.7.3 Dynamic character rSYfirfla micelles 

Reversed micellar solutions are homogeneous and optically 
transparent. One important characteristics of reverse micelles 
is having a communication channel that permits rapid exchange of 
materials amongst several micelles. Surfactants in reverse 
micelles have high mobility. The Interface of the reverse 
micelles is well defined and nonpermeable to the organic micelles 
in organic solvents react equilibrivim, due to their dynamic 
character. 
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1.7.4 Eehayl o r s± issiiS^ IJifi wa tsrp gQ l si. itlia reverse 

micelles 

Due to their polar core, reverse micelles are able to 
solubilize large amounts of water and other polar substrates. 
This solubilized water is usually referred to as a waterpool. 
The solubilization of water produces hydrated reversed micelles 
significantly different (both in shape & dimension) from those 
formed with less amount of water. In the reverse micelle molar 
ratio of water to surfactant is an important parameter. This 
ratio is expressed as w^ (w^ = [HgO] /[surfactant] ) which 

determines most of the structural and physical properties of 
reverse micelles. Micellar size increases as w 

o 

increases. Indeed, for some surfactants, one may say that 
waterpool formation serves as a nucleating site for proper 
micelle formation. The properties of solubilized water depend 
upon w^. Particularly at low w^ values, where the micelles are 
smaller and a relatively high amount of water is bound to the 
polar walls, water in reverse micelles behaves anomalously i.e. 

its physical properties are somewhat different from those of bulk 

86 

water. The water in the waterpool is relatively free only 

above a certain critical concentration. With increasing water 
content, the physical properties of the waterpool asymptotically 
approach those of pure water. However, even at relatively large 

w values, small differences may remain. With regard to the 

O' ■ ■ 

nature of water in the reverse micelles attempts are being made 
to improve its characterization. NMR and IR data have been 
obtained by a number of research groups for water in reverse 
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micelles. These dat-a show that compared to normal bulk water, 

the bound water is motionalljr restricted which may have a 

depressed freezing point. The aqueous cavities of the hydrated 

reversed micelles are inhomogeneous in their physicochemical 

properties and are characterized by different local polarities, 

viscosities etc. at different points. The existence of 

inhomogeneity can be explained by the presence of layers of water 

33 75 

of hydrogen bound to different extent. ’ 

1.7.5 ihd phenomengn pS in ihn watarpafil nl rayaraa migallaa 

The determination of pH of the water pool (pH ) of reverse 

wp 

micelles is difficult both from the conceptual and the 
experimental point of view. The difficulty stems from the fact 
that one can not reliably use a glass electrode in an organic 
solution containing as little as 1% water. Even if this could be 
done, no reliable value could be obta'ined, because the water of 
the water pool, particularly at low w^ values, is a novel solvent 
with unknown properties and for which no pH calibration is 
available. Problems are probably less severe at high water 
contents. In general, it appears that the pH of the reverse 
micelles cannot be determined with certainty. In order to 
estimate the acid-base properties of the micromedium in the inner 
cavities of the inverted micelles, the method based on comparing 
the pK of different indicators dissolved in pure water and 

' .'JEl ' , . 

solubilised by the inverted micelles is most widely employed. A 

new approach to the determination of the pH in the water pool of 

31 

the reverse micelles is based on the P NMR data. It is assumed 
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■that, the pK of the phosphate ion solubilized in AOT/isooctane 

31 

reverse micelles does not change. Since P NMR chemical shifts 

are sensitive to pH, the water core pH is thus determined for 

various AOT reverse micellar solutions by locating the observed 

chemical shifts on a calibration plot produced by measurements of 

bulk water phosphate buffer solutions. By this method, pH^ was 

found to be generally within 1/2 pH units of (which is the 

pH of the solution to be solubilized). In fact, it probably 

measures the apparent pH value for the centre of the water core. 

3 1 

Both approaches, indicator method and method based on P NMR 

87 88 

data, suffer, however, from significant disadvantages. ’ 

1.7.6 R sY srae micfillfia algrofinYlraMaenA lax ahamiafll 

reactl a aa 

Reverse micellar waterpools are in dynamic equilibrium 
which provide unique microenvironment for interaction and 
reactions of polar substrates. Substrate partitioning between 
surfactant trapped and bulk water differential interactions, and 
reactivities are factors responsible for rate enhancements by 
reversed micelles. It is seen that rates in the presence of 

micelles are greater than in either the bulk organic solvents or 

, , , . 18,48 

bulk water. 

The effects of reverse micelles on a wide variety of 
chemical reactions (Ester hydrolysis and aminolysis, metal ion- 
ligand exchange, proton transfer, etc.) have been investigated. 
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The mu-bar otat ion of 2, 3, 4, 6 -te-bramethyl-^ -D-glucose is not 

catalyzed either by aqueous micelles or by micelle-induced 

bifunctional catalysts. Very substantial rate enhancements are 

observed, however, in benzene and in cyclohexane by micellar 

dodecyl ammonium propionate (DAP), butanoate and benzoate. The 

rate enhancements in these reverse micellar systems are many fold 

than those in pure solvent. The overall implication of these 

results is that the tetramethyl- PC -D-glucose is oriented 

favourably in the micellar core when hydrogen bond formation 

between the dodecyl ammonium ion and the heterocyclic oxygen atoms 

89 

can facilitate ring opening. 

The rate constant for the decomposition of sodium-1, 1- 
dimethoxy-2,4, 6-trinitrocyclohexadienylide in benzene in the 
presence of dodecylammonium benzoate, containing 0.05% DM60 
(v/v), is greater by factors of 62900 and 1800 than in pure 
benzene or in pure water respectively. 

Both reversed micellar catalysis and the roles of 

solubilized water in reverse micellar systems have been examined 

for aquation, electron transfer, and isomerization reactions of 

chromiumC III ) and cobalt (III) complexes in benzene. Aquation and 

ligand substitution reactions of tris(oxalato)chromate(III) and 

3- 

cobaltate(III) anions [M(C20^)2] » have been discussed in terms 

of one-ended dissociation- The most spectacular catalysis has 
been observed for the aquation of the tris(oxalato)chromium(III) 
anion. The aquation is up to 5 million times faster in the 
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restricted water pool of reverse micelle than that in bulk 

water.«-31 


Reverse micellar effects on hydrolyses, and on a variety of 

other reactions have been investigated. 2,4-Dinitrophenyl 

sulfate hydrolyzes in benzene in the presence of alkyl ammonium 

carboxylate surfactants. Solvolysis is catalyzed both by general 

acid and the general base components of the surfactants in 

addition to the micellar catalysis. The kinetic manifestation of 

this reaction is a linear increase in the rate constant, with 

increasing surfactant concentrations. Hydrolysis of p- 

nitrophenyl acetate (neutral) and imidazole catalyzed in the 

presence of DAP & AOT in benzene, toluene, octane etc with 

solubilized water has been investigated. Rate constants for the 

hydrolysis in this system at constant water and surfactant 

concentrations are proportional to the imidazole concentration, 

while at constant imidazole concentration they increase linearly 

with increasing ratio of [HgOj/Csurfactant] . It is interesting, 

however, that the observed constants for the hydrolysis of 

neutral p-nitrophenyl acetate do not exceed the value obtained in 
1 8 48 

pure water. ’ Decomposition of p-nitrophenyl acetate in DAP 
and other alkyl ammonium carboxylates has been studied. Rate of 
reactions are affected by hydrocarbon chain length of both the 
alkylammonium and carboxylate groups. The dependence of 
reactivity in aminolysis of a series of aliphatic p-nitrophenyl 
esters on alkyl chain length in AOT reverse micelles is the 
opposite of water one finds in normal micellar system. 
Increasing the amount of water increased the aminolysis velocity 
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because the effective concentration of the ester in the reverse 

T, . 92 

micelles increases. 

There are significant rate enhancements by the nonionic 
surfactant Igepal CO-530 (Polyoxyethylene (6) nonylphenol) in 
benzene cyclohexane carbon tetrachloride etc. Rate constants for 
the hydration of acetaldehyde by water solubilized in carbon 
tetrachloride by this surfactant are markedly greater than those 
in water. Hemin is solubilized by this surfactant in benzene. 
The equilibrium constant for the interactions of cyanide ion with 
heme in this system is about thousand fold greater than that in 
neat methanol . The rate constant for the interaction of 4- 
nitropyridine-N-oxide with sodium methoxide in benzene in the 
presence of Igepal Co-530 aggregates is many fold greater than 
that in neat methanol and in neat benzene . Our group has 
studied the reactions of triphenylmethane dyes such as methyl 
violet, ethyl violet, para-rosaniline, brilliant green, malachite 
green etc-, with nucleophiles namely hydroxide ions and phenoxide 
ions in the system of Igepal Co-530 in cyclohexane. The results 
are very interesting. The rates of reactions are enhanced by 
many fold (upto about thousand) than those in bulk water. Rate 
of reaction is highly dependent on water to surfactant ratio (w^ 

- [HgOl/CIgepal Co-530]) which is maximum at lowest water pool 
and decreases with increasing water pool . In contrast to the bulk 

water and normal micelles hydroxide is a poor nucleophile in 

, , , 93,94 

reverse micelles. 
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There are many other reactions which are markedly enhanced 
by reverse micelles. Attempts have been made to exploit the idea 
that micelle-reactant interactions should be more specific in 
reverse than in normal micelles. Investigations of the reactions 
in these media can provide significant information relevant to 
organic and inorganic reaction mechanisms, small and large scale 
industrial processes and enzymatic and cell membrane 
interactions.^^ 

1.8 EHZYMES 

Enzymes are proteins whose molecular weights are in tens and 

hundreds of thousands. Enzymes are highly specific and extremely 

5 10 

efficient catalysts. They enhance reaction rates 10 -10 fold 

in relatively dilute aqueous solutions around neutral pH at 

1-5 95 96 

ambient temperatures . ’ ’ Structure of several enzymes , 

their active sites, and substrate interactions these in have been 
determined by X-ray crystallography. Active sites of many 
enz 3 nnes are situated near the N-terminal end of an OC -helix. The 
dipole field, generated by the <t.-helix, was suggested to play an 
important part in binding substrates and in enhancing 
reactivities. The microenvironment for the substrate at the 

active site is quite different from that in bulk water ' weil- 
recognized manifestations of this unique environment are the 
superactivity and the substantially altered pK_ values of 

■■ cl ' ' ■ . : 

functional groups in proteins. Electrostatic, hydrophobic, 
steric, dielectric interactions and neighboring group 
participation contribute to altered substrate reactivities at 



25 


enzyme active sites. They require relatively rigid conformation. 

However, the apparent dichotomy between rigidity and structural 

changes is an essential feature of enz3me functions. Several 

attempts have been made to account for the superior catalytic 

powers of enzymes in terms of known physical organic -chemical 

principles. Quantitative discussion of enzyme catalysis requires 

the selection of a set of standard reaction conditions in terms 

20 

of thermodynamic standard states of free energies. 

1.9 SOLUBILIZATION OF ENZYMES IN REVERSE MICELLES 

The importance of investigating reverse micelle solubilized 

enzymes are increasingly recognized. The solubility of enzymes 

in reverse micelles is governed by the surfactant concentration, 

the water to surfactant ratio (w^), the temperature, and the type 

20 33 

and concentration of' buffers and counterions present. ’ 
Homogeneous (optically transparent, i.e. non turbid) solution of 
proteins and enzymes in organic solvents may be obtained by one 
of the following procedures: 

17 

1.9.1 Injection ttstliad 

The injection method is the simplest, and the one which is 
most commonly used for the preparation of enzyme containing 
reverse micelles. A few microliters of the concentrated aqueous 
stock solution of the enzyme is injected into the surfactant 
solution in an organic solvent. The resultant mixture is 
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vigorously shaken for few seconds until the formation of an 
optically transparent solution. 

1 6 

1.9.2 transfer 

This method was proposed by Luisi and coworkers. According 
to this method, the enzyme or protein is present initially in an 
aqueous solution, which is covered with a layer of micellar 
solution. Upon gentle stirring, a part of the protein is slowly 
transferred from the aqueous phase into the organic phase. This 
method is relatively slow, but has the advantages that the final 
system is in thermodynamic equilibrium and the final reverse 
micellar solution containing the enzyme, is generally stable. 

98 

X .9.3 Solid phase extraction method 

The methods 1 and 2 are appropriate for water-soluble 
proteins of great advantage an4 interest is the ability of 
reverse micelles to solubilize water insoluble proteins. This is 
accomplished according to this method, where the insoluble 
protein, as a powder, is gently stirred with the hydrocarbon 
micellar solution containing already a certain amount of water. 
This solubilization phenomenon can perhaps be understood on the 
basis of the fact that water in reverse micelles may have 
different physical properties from those of bulk water, so that 
its solubilizing ability may be changed. This method has become 
useful for water insoluble membrane proteins namely Folch-Pi 
protein ( lifiophylin) and more interesting, one has now a means 
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■bo st-udy the interactions with the other protein (myelin basis 
protein, MBP) comprising the myelin structure, under conditions 
which can be considered similar to those in membrane 
environment.^^ 

I. 10 MOLECULAR MECHAN I SM fl£ mi IHCQRPQRATIQN QE IHE EMZYMES IM 
BE.YERSE MICELLES 

In organic solvents reversed micelles provide a 

methodologically unique possibility to dissolve proteins of 

various nature under such standard conditions where the dissolved 

protein molecules can themselves select the microenvironment 

corresponding to their nature. Depending on their sizes, 

polarities and charges several modes of protein-reverse micelle 

interactions have been suggested (Fig. 1.2). Hydrophilic 

proteins and enzymes are likely to be solubilized according to 

water-shell model which favours the one enzyme-per-micelle 

proposal. According to this model, enzyme residues in the water 

pool , surrounded by a shell of water which protects it from the 

surfactant wall and from the hostile hydrocarbon solvent. 

Alternatively, highly charged proteins might be brought into 

solution by ion-pair formation. Ion pair interactions between 

the enzsrme and the ionized surfactant head groups help to 

dissolve the protein in the water pool of reverse micelle. 

Proteins whose surfaces are predominantly hydrophobic %Bight be 

solubilized by several small micelles (concerted micelles 

43 ■ 

mechanism) or partially exposed to the organic solvent. A 
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Fig. I, 2, Possible models for a protein hosted in reverse micelle, 
(a) is the water-shell model whereby the protein is 
located in the water pool and is protected from the 
micelle wall by water layers, (b) represents the case 
of a protein having a very lipophilic part, (c) repres^ts 
the protein adsorbed to the micelle wall. (d) is the 
case of a protein solxibilized by the help of several 
small micelles (e) schematiases the formation of a network 
among several micelles, bridged by the protein molecules. 
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schematic representation of solubilization of enzyme in reverse 
micelles is given in Fig. 1.2. 

A sufficiently detailed quantitative study was made of the 
molecular mechanism of solubilization of water-soluble proteins. 
Using the water-shell model, a scheme has been developed, partly 
based on ultracentrifuge experiments which enables to approximate 
the dimensions of the protein-containing micelles and to estimate 
the micellar parameters characterizing such aggregates. This 
model was based on several assumptions, the most important being 
that the volume of the protein-containing micelle is the 
algebraic sum of the volume of the protein and the volume of 
water molecules originally presented in the empty micelle, and w^ 
does not change. The experiments gave molecular weights for the 
filled micelles which were, not surprisingly, higher than those 
of the unfilled ones. Ribonuclease, lysozyme, and liver alcohol 
dehydrogenase were the enzymes used in the system 
isooctane/AOT/water . Both sedimentation and diffusion 

coefficients were determined, so that molecular weights could be 
calculated. The group of Martinek^^^ has presented a model, 

based on ultracentrifuge studies, according to which the uptake 
of OC-chymotrypsin does not produce any significant increase in 
the size of the host reverse micelles of AOT. Some other studies 
have also given support to structural aspects of protein 
containing reverse micelles using dynamic light scattering (LS) 
ultracentrifugation measurements and small-angle neutron 
scattering (SANS). 
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1. 11 S.E£gIRAL CHABA g lEBISIIGS QE SMZiYlffiS IH BE3ffiBSE MI C ELLES 


Pro'bein-cont.aining micellar solutions of water in organic 
solvents are optically transparent. The spectral characteristics 
of some enzymes and proteins, such as ribonuclease, alcohol 
dehydrogenase, peroxidase and cytochrome Cg, entrapped in AOT- 
reverse micelles in hydrocarbon solvents, are almost the same as 
those in aqueous solutions. The other water-soluble enzymes and 
proteins such as lysozyme, Oc-chymo trypsin, Folch-Pi-proteolipid 
etc. show more significant change of the spectral characteristics 
when they are entrapped in reverse micelles. Absorption 
spectroscopy, circular dichroism spectroscopy and fluorescence 
spectroscopy were found to be rather convenient for studying the 

structure of solubilized proteins and the enzyme 

.. 14,27,99,102-107 

reactions. 


1.12 ACTIVITY OF ENZYMES IN REVERSE MICELLAR SOLUTIONS 


The fascination of reverse micellar system for the study of 
enzymes is that the micellar solution can be haindled just like 
normal aqueous solution and studies on the kinetics and mechanism 
of enzymes are carried out easily in this homogeneous medium. In 
1977 a report on the solubilization of (X-chymotfypsin in 
cyclohexane with the help of methyltrioctyl ammonium chloride, 
which included the first D.V. spectrum of a hydrophilic protein 

in such an apolar environment, was reported. However, the enzyme 

' ' 16 ' ' ■ ' ■ IT ■ 

was inactive. A few years later, the groups of Martinek and 

" 98 

Monger reported the activity of Ct-chymotrypsin in 
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hydrocarbon/AOT system , where Luisi et al. studied the activity of 
102 

ribonuclease micellar system. The following generalization 

concerning the enzyme activity in reverse micelles are possible: 

( 1 ) enzymes maintain activity comparable to that found in aqueous 

solution, (2) there are not significant changes in the kinetic 

behavior, and a Michaelis-Menten behavior has been observed in 

reverse micellar solution, (3) the maximal activity in reverse 

micelles is not found at the maximal water content, but in small 

or medium w^ values, (4) enzymes in reverse micelles are able to 

accept not only water-soluble substrates, but also water- 

insoluble ones, (5) the stability of enzymes in reverse micelles 

is generally comparable to that in water, being greater at 

certain w values. 
o 

1.12.1 Eff ect oi degree Sii hydration sn enzyme activity 

One of the most striking effects observed in the study of 

enzymes in reverse micelle system is the dependence of the 

catalytic activity of the solubilized enzymes on the degree of 

the hydration of the reverse micelle w . The dependence of 

o 

catalytic activity on w has been observed for enzymes such as 

o 

CC-chymotrypsin, trypsin, lysozyme, alcohol dehydrogenase, 
pyrophosphatase, peroxidase, alkaline phosphatase, phospholipase 
A 2 , pancereatic lipase etc. For enzymic reactions, transferred 
from an aqueous solution to a system of inverted surfactant 
micelles, significant shifts in the pH profiles were 
observed 
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1.12.2 Ibfi Phenomenon q 1 super activity 

Most of the enzymes solubilized in the reverse micelles 

either loose some fraction of their activity or retain their full 

36 

activity. However, couple of enzymes such as peroxidase, %- 

105 

chymotrypsin have been found to show a very rare phenomenon 

called super activity where enzyme activity becomes higher than 

that of the activity found in aqueous solution. The stability 

of some enzymes (e.g. OC-chymotrypsin etcj was found to be 

dramatically dependent upon the degree of hydration of the 

surfactant. Moreover, one can choose the conditions at which 

105 

enzymes retain their catalytic activity for months. 


1.12.3 Substrate specificity oi enaymsa In reverse micelles 


One of the most characteristic propearby of enzymes is their 
substrate specificity. A change in the true substrate 
specificity has been established for some enzymes such as horse 
liver alcohol dehydrogenase and pancreatic lipase. Alcohol 
dehydrogenase from horse liver catalyses the oxidation of 
aliphatic alcohols to corresponding aldehydes. The optimal 
substrate for the aqueous solution is octanol . However, 
catalysis in reverse micelles shows that butanol is the best 
substrate in this system (AOT/octane) . The reaction of 
oxidation of normal aliphatic alcoh<5>ls, catalyzed by ADH is given 
below. 


H(GH„) OH + NAD"^ 
z n 


H(CH„) .CHO + NADH + H"^ 
z n-1 


AEH 
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1.13 AEHtlEP ASEEgIS QE REYEBSE MICELLES AND REVERSE MICELLAR 
ENZYMOLOQY 

Enzymes have been widely adopted for practical use a long 
time ago. Nevertheless, the miorohetrogeneous reaction medium 
based on a colloidal solution of water in organic solvents 
(reverse micelles), opens new prospects. Some of these are 
described below: 

1.13.1 Organic synthesis 

In fine organic synthesis, water-insoluble (or poorly 
soluble) compounds such as steroids, prostaglandins, alkaloids, 
lipids, fats etc. can be subjected to a biocatalytic action. 

A striking example of employment of enzsnnes in reverse micelles 
for organic synthesis is the stereospecific production of 
steroids which has been proposed by Hilhorst and co-workers . 
They were able to solubilize three enzymes (viz. hydrogenase, 
lipoamide dehydrogenase and steroid dehydrogenase) to 
specifically reduce a water Insoluble ketosteroid to its 

corresponding hydroxy forms using gaseous hydrogen, or the 

electricity as the reducing species (Fig. 1.3). 



Fig. I. 3. Multi-enzymic reduction of apolar steroids in a reverse 
micellar medium. Hj-ase. hydrogenase; lipDH, lipoamide 
dehydrogenase; HSEH, 20-$.4»ydroxysteroid dehydrogenase; 
MV, methyl viologen. 
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The enzymes are more stable in reverse micelles than in aqueous 
media. The product can be isolated batchwise by transferring the 
enzymes from the reverse micellar medium to an aqueous meditim 
followed by precipitation of the surfactants and evaporation of 
organic solvent. 


1.13.2 Enaymea In nentlde synthesis 


Enzymes have been used extensively for peptide 
112 

synthesis. Synthesis of water insoluble Z-Ala-Phe-Leu-NHg (2 

is the benzyloxycarbonyl protecting group) starting with Z-Ala- 
Phe-OMe and Leu-NHg catalyzed by OC-chymotrypsin take advantage 
of the compartmentalization of the reverse micelle 
(AOT/isooctane) . 

Chymo tryps in 

Z-Ala-Phe-OMe + H-Leu-NH„ .l i. 

A B 


Z-Ala-Phe-Leu-NH„ + MeOH 
C ^ 


Here B is water soluble whereas A is soluble both' in water and in 
isooctane. The enzyme is confined in water pool. The product, C 
is much more soluble in isooctane than in water and after being 
produced in the water pool, is expelled into the external phase. 
Above principle can be combined with an appropriate enzyme 
reactor, which allows physical separation of enzyme and reagents. 

Apart from AOT micelles, the reverse micelles of GTAB in 
chloroform-'isGOGtaned ; 1 , v/v), have also been used as a medium 
for the synthesis of N- phenyl acetyl derivatives of different 
peptide catalyzed by enzyme Penicillin Acylase. 
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Penicillin 

H-Tyr-OEt = Ph-CH„COOH — — Ph-CH„-Co-Tyr-OET + HoO 

^ Acylase 2 

In addition to these reactions, there are many other reactions 

which are catalyased by enzjnnes in reverse micelles. These 

reaction can not be performed (in terms of thermodsmamics) in the 

113 

medium other than reverse micelles. 

1.13.3 SalabilizatiQn Hmslelg aoida . bacteria axid 

mitochondria 

Nucleic acids can be solubilized without denaturation in 

reverse micelles. DNA, RNA, t-RNA have been solubilized 

successfully in the water pool of reverse micelles. High 

molecular weight DNA (MW = 250,000 Dalton) contained in the 

reverse micelles can be visualized as suitable model for a head 

virus. This offers the possibility of using DNA-containing 

reverse micelles as models for condensed packaging of DNA in 

vitro . Studies on codon-anticodon interaction in reverse 

114 

micelle are also in progress. 

A particularly challenging problem is the solubilization of 
entire cells in reverse micelles. An interesting possibility for 
biotechnological application is offered by the recent observation 
that bacterial cells can be solubilized in reverse micellar 
system. A reverse micellar system containing polyoxyethylene 
sorbitan trioleate (TWEEN 85) and water in isopropyl palmitate 
could solubilize whole cells of E. coll harboring, a recombinant 
plasmid and Acenetobacter calcoaceticus . The cells remained 
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viable for at-least. one day and retained en23rme activity for an 
even longer period of time. There is a possibility of utilizing 
certain bacterial strains which are able to metabolize 
hydrocarbons and would utilize the solvent as a carbon source. 
Studies in this direction are in progress. 

The possibility of mitochondria solubilization is very 

important because these particles, being the chemical factories 

of the cells, are very interesting from the biotechnological 
113 

point of view. 

1.13.4 Ib£ UAfi reverse mlisallfia for solubilization and 

extraction proteins 

An example of biotechnological application of reverse 
micelle is separation and purification of proteins by using phase 
transfer method. In this method the protein is initially 
dissolved in aqueous solution, and a solution of surfactant in 
organic solvents is added as the top layer. Depending upon the 
salt content in the aqueous phase and other parameters, the 
proteins are able to leave the aqueous phase and migrate into the 
micellar phase. This biotechnological technique is useful in the 
search for rapid, inexpensive, continuous and large scale, 

isolation methods for enzymes. Reverse micelles can also be used 

^ X • ^ 1 • .,.4 110,113,116 

for separating proteins from nucleic acids. 

One of the very recent finding of biotechnological aspect of 
reverse micellar enzymology is the purification of intracellular 
enzymes. In the conventional procedure after cell breakage, the 
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next step in the purification of intracellular enzymes is the 
removal of cell debris and nucleic acids by common pre- 
chromatography steps such as centrifugation, filtration and 
precipitation etc. which are rather time consuming. Use of 
reverse micelles replaces above pre-chromatographic procedures by 
two relatively simple steps. In the first step, cells 
(bacterial) are disintegrated by the surfactant in the reverse 
micellar medium and in the second step the liberated enzymes are 
extracted from the reverse micellar phase into an aqueous phase. 
A general scheme showing steps in the purification is given 
below. The dehydrogenases purified by this method were found to 
be active. 




Pure enzyme 


Fig. 1.4 
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1-13.5 gryognaymQlCRy in Reverse Micelles 

Reverse micelles provide convenient. media for the 
investigation of enzyme catalyzed reaction at subzero 
temperatures surfactants stabilize the super cooled water pools 
surrounding the enzyme molecules against freezing due to 
heterogeneous nucleation. Cytochrome and trypsin were shown to 
retain their activities in surfactant entrapped supercooled water 
in organic solvents. 

1.13.6 Energy application 

In order to solve the future energy problem, it will be 

necessary to use solar energy more extensively. The Laane et al. 

have demonstrated that a micellar reaction medium promoted' the 

water biophotolysis catalyzed by hydrogenase. Reversed micelle 

2 + 

entrapped enzyme system was shown to generate hydrogen by Ru 
photosensitized electron transfer from the thiophenol donor in 
the organic solvent, via the methyl viologen (MeV) relay. Reverse 
micelles provide a microenvironment that stabilizes hydrogenase 
against inactivation and allows an efficient photosensitized 
electron and proton flow from the organic phase to hydrogenase in 
the aqueous phased ^ (Fig. 1.5) Shows the scheme for 

photosensitized production of hydrogen by hydrogenase in reverse 
micelles . 

1.13.7 Antigen-antibody interaction in reverae mlcellfia 

The alteration in the c^filytic activity of enzyme after 
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Fig, I, 6 , Shematic representation of the procedure for 
solubilization of drug into hardened reverse 
micelles. 



( H2 CISC = Hydrogen Qsc) (MeV =M«thyl viologcn) 

Fig. I. 5. Schematic representation of photosensitized 
production of hydrogen by hydrogenase in 
reverse micelles. 
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it.s interaction with antibodies against the same enzyme have been 
studied in reverse micelles. In the reverse micelles, the enzyme 
interacted with antibodies very rapidly i.e. the micelle did not 
hinder effective interaction between the enzyme and antibodies . 
The decrease in activity of the enzyme- antibody complex was 
dependent on w^, pH and molarity of buffer solution as well as on 
the inital concentration of antibody whereas in aqueous solution 
it was only dependent on pH and molarity of buffer solution. 
Enzyme peroxidase has been studied in the reverse micellar system 
of AOT in heptane and in mixed micelle of AOT and Triton X-45 in 
heptane . 

1.13.8 ReYsras migfillsa aa dnia dallYarz system 

Target directed efficient drug delivery is the dream of 
every pharmacologist. Liposomes have been extensively used as 
potential drug carriers. Recently Speiser and coworkers have 
developed a new system of drug delivery based on reverse micelles 
which is known as hardened reverse micelles. The water pool of 
the reverse micelles hosts drug with olefinic monomers, which can 
readly polymerize (acrylamide) and thus form a thin resistant 
skin around the micelle. After the hardening has taken place, 
the apolar solvent is eliminated and the excess surfactant and 
monomer washed out. Finally hardened reverse micelles are ready 
to begin their function in aqueous media (Fig. 1.6). Such 
colloidal drug carriers have many pharmaceutical uses: 
Immunological preparation to improve antigen-antibody response 
(adjuvant). This can be improved by incorporating antigen into 
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hardened micelles. Due to this, the protection of the antigen 

from degradation is high and the antibody formation is increased. 

These micelles can be useful in analytical measurement of pH, pOg 

and pCOg in body tissues; sustained and intracellular drug 

release to specific cells in organs etc. Reverse micelles of 

this type are generally referred as nanocapsules. Polymeric 

enzyme- containing nanocapsules also help a lot to produce new 

121 

means of drug transportation in the organism. 

1.13.9 S.sla t lon rfiYerae micelles 

One of the recent finding of this field is the gelation of 

reverse micellar solution. The preparation of this novel family 

of gel is done by dissolving the gelatin in the water microphase, 

and following a process of warming up and cooling, the whole 

organic solution is transformed in a transparent gel. This gel 

can be practically utilized in compartmentalization of 

hydrophilic molecules of enzymes and/or bacteria. Enzymes can 

be cosolubilized with gelatin and remain active in gel form. 

These systems are potentially very interesting for pharmaceutical 

and cosmetic applications. In fact, several industries are now 

75113 

actively working in this area. ’ 

1.14 OBJECTIVE OF IHE PRESEHI HQRK 

The investigations presented in this thesis were started 
with the aim of understanding the behavior of different class of 
enzymes in reverse micelles in nonaqueous solvents particularly 
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"the invest.iga'bions of dehydrogenases in reverse micellar medium. 
It is likely to provide a realistic picture of the enzyme 
behavior as the microheterogeneous environment is somewhat 
similar to the cellular environment. 

Studies involving dehydrogenases also called reductases are 
of great importance because these enzymes are involved in various 
metabolic mechanism in the living cells such as glycolysis, 
citric acid cycle, vitamin and coenzyme metabolism, lipid 
metabolism, urea cycle etc. Moreover, these enzymes are the key 
to many biological processes. In our studies three enzymes 
neunely dihydrofolate reductase (or tetrahydrof olate 

dehydrogenase), lactate dehydrogenase and malate dehydrogenase 
have been used. la vitro study of these dehydrogenases in 
reverse micellar media is of immense importance because this 
versatile medium is able to mimic properties of the cellular- 
environment ia vivo and has a potential to extend the utility of 
enzymes in enzyme-mediated organic synthesis. 

Till now most of the enzymes studied in reverse micelles 
were of low molecular weights (few thousand dalton) and single 
subunit. Not much attention has been paid to the enzymes having 
high molecular weights (hundred thousand dalton) and two or more 
subunits. We have solubilized such type of complex enzymes in 
reverse micellar water pools and investigated their 
characteristics. 

Our studies show that these enzymes after solubilization in 
reverse micelles are able to retain their catalytic activity 
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under optimum conditions like degree of hydration (w^) , pH of the 
buffer solution, surfactant concentration etc. Absorption 
studies established the formation of same product in both aqueous 
and reverse micellar media. These enzymes are found to be stable 
in this nonpolar medium. As in aqueous medium these enzymes in 
reverse micelles obey Michaelis-Menten kinetics. It seems to us 
that reverse micellar medium provides an alternative to the 
aqueous medium for in vitro studies of these dehydrogenases 
which may help to extend the utility of enzymes in general in many 


fields of science. 
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oxidoreductases . These enzymes are involved in biological 

oxidabion reduction reactions and "therefore with respira"tion and 

fermentation processes. A majority of oxido-reductases are also 

2 

known as dehydrogenases or reductases . 

The idea to select dehydrogenases (reductases) for the 
present study was based on their varied characteristics such as 
being made up of multi subunits, large and complex enzymes, 
involved in coupled reactions and having very specific 
involvement and use in many biological and technological 
processes. Dehydrogenases are not only interesting from the 
point of view of their specific biological function but also for 
their important use in preparative bio-organic chemistry. Since 
enzymes have been found to show different activity and 
specificity when entrapped in reverse micelles, the optimum 
conditions for maximum enzyme activity in reverse micelles are 
quite different for different enz3nmes. Therefore, investigations 
on dehydrogenases in reverse micellar medium are likely to 
provide a realistic picture of enzyme behavior as the hydrophobic 
and polar environment provided by reverse micelles is somewhat 
similar to the cellular environment. In this context following 
three enzymes have been studied extensively. 

(i) Dihydrofolate reductase (DHFR) or Tetrahydrofolate 
dehydrogenase 

(ii) Lactate dehydrogenase (LDH) 

(iii) Malate dehydrogenase (MDH) 
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These enzymes are involved in various metabolic processes inside 
the cell and play very specific role in other biological 
processes. They have been used for diagnostic purposes in 
various diseases. Some inhibitors of the enzyme are used as 
drugs in the treatment of many diseases.^ 

Dihydrofolate reductase is a key enzyme in folate metabolism 
and the primary target for antifolate drugs. The enzyme 
catalyses the reduction of 7 , 8-dihydrof olate (DHF) to its active 

•3 

form 5 , 6 , 7 , 8-tetrahydrof olate (THF). The overall reaction is 

given in Scheme II. 1. It is strongly inhibited by certain drugs 

such as methotrexate (amethopterin, an analog of dihydrofolate) 

clinically useful in the treatment of some forms of cancers, 

acute leukemia and choriocarcinoma. The chemotherapy of this 

enzyme is based on its involvement in the biosynthesis of 

nucleotides. Since tetrahydrof olate is an essential coenzyme in 

the biosynthesis of thymidylic acid (a nucleotide building block 

of DNA) and dihydrofolate reductase represents one of the three 

enzymes that comprise the thymidylate synthase cycle which 

provide the cell a source of deoxy thymidylate (dTMP) for DNA 

synthesis and replication, these drugs (methotrexate) inhibit the 

14 5 

replication of DNA in susceptible cancer cells. ' ’ 

LDH plays an important role in several metabolic pathways. 
It forms the centre of a balanced equilibrium between catabolism 
and anabolism of carbohydrates. In anaerobic glycolysis, LDH is 
the terminative enzyme in the sequence of reactions that promote 
the breakdown of glucose to lactate and therefore it is essential 
for the production of ATP, an efficient energy carrying system in 



OH 


CH2 0 COO" 

N--^^y-G-N-C-CH2“CH2--COd' +NADPH+ h‘^ 
H ^ 



T«trahydrofolatc 


Scheme II. 1. Reaction catalyses by dihydrofolate reductase 
(DHFR) . 



Am«thopterin (methotrexate) 
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T 1 6 

cells . 


Overall reaction of anaerobic glycolysis is as follows. 


Glucose + 2 Pi + 2 ADP > 2 Lactate + 2 ATP 


LDH catalyses the following reaction in particular. 


1.4,6 


0 . jS 
I 


^_Q + NADH + H* 


LDH ^ 


I 

CH3 

Pyruvate 


I 

H-C-OH + NAD 

I 

CH3 

Lactate 


The function of LDH is to regulate pyruvate lactate equilibritun. 

Mammalian LDH exists as five tetrameric isozymes which differ in 

catalytic, physical .and immunological properties. Certain 

isozymes of LDH are of clinical interest as they reflect 

pathological conditions in particular tissues. Because of their 

low contaminant activities for enzymic analysis LDH from rabbit 

or hog muscle is preferred. In the present study LDH from rabbit 

muscle has been used. In vitro . LDH is used in the coupled assay 

for the determination of activities of other enzsnmes such as 

pyruvate kinase, myokinase, creatine kinase, enolase etc. It is 

also used for the determination of lactate concentration in blood 
6 7 

or serum. ’ 

Malate dehydrogenase is an enzyme of citric acid cycle. It 

catalyzes the interconversion of L-malate and oxaloacetate using 

148 

nicotinamide adenine dinucleotide CNAD) as a eoenzyme. ’ ’ 
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MDH is found 

in all 

eukaryotic 

cells as two 

xsozymes* 

mitochondrial 

(m-MDH) 

and cytoplasmic (s-MDH). Prokaryotes 

contain only 

a single 

form. The 

two enzymes are 

distinct, 


differing immunologically , structurally , catalytically and in 

amino acid composition. The heart enz3nne is specific for L-malic 

acid. MDH is also used in the coupled assay for the 

determination of activity of other enzymes such as ATP-citrate 

lyase, citrate synthase etc. MDH is of clinical interest as its 

activity in serum has been shown to be of diagnostic 
9-14 

significance. In the present study mitochondrial MDH from 

pig heart has been used. 

This chapter presents the investigations on the 

solubilization and activity of enzjnnes DHFR, LDH and MDH in the 
reverse micelles formed by cationic surfactant 

cetyltrimethylammonium bromide (Cetrimide, CTAB) in 

isooctane-chlorof orin (1:1, v/v) non-aqueous medixim. With few 

exceptions, anionic surfactants were found to denature the 
dehydrogenases whereas cationic surfactants are found to provide 
a-Jl unique microenvironment in which the enzymes retain their 


maximum activity. 
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II. 2 EXEE RIMENTAL SECTION 

11. 2. 1 Mfltariala 

Source of procurement of various chemicals and biochemicals 
used are described below: 

11. 2. 1.1 Enazmea and Substrates 

Bovine liver dihydrofolate reductase (EC 1 . 5 . 1 . 3 ), 
dihydrofolic acid, NADPH, NADH, i3-mercaptoethanol and sodium 
pyruvate were obtained from Sigma Chemical Co. U.S.A. Rabbit 
muscle lactate dehydrogenase (EC 1 . 1 . 1 . 27 ), pig-heart 
mitochondrial malate dehydrogenase (EC 1 . 1 . 1 . 37 ) and oxaloacetic 
acid were purchased from Boehringer Mannheim. 

11.2.1.2 Surfactant and aol Y en t fl 

Cety It rimethyl ammonium bromide (Cetrimide, CTAB) extrapure 
grade reagent was obtained from SISCO Research Lab., India which 

was dried over P^Oc in an evacuated desiccator for several hours 

' 'Z' D : 

just prior to use. Isooctane puriss was purchased from Fluka and 
Chloroform AR from BDH. 

11. 2.1.3 flthfir ghaploala 

Other chemicals of analytical grade were obtained as 
follows: Buffer components potassium phosphates, tris, glycine, 

were purchased from Sigma Chemical Co. USA and potassium 

hydroxide, hydrochloric acid were from Merck India. 
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II-2.2 £ i: fi £ flrfll ;; .ic»n ol anszme and aabaibrate reverse migallai: 

Reverse micelles containing enzymes and substrates were 

prepared by the injection method. According to this method, 

concentrated stock solutions of enz 3 nnes, substrates etc., 

prepared in aqueous buffer, were injected with microsyringes into 

the CTAB/isooctane : chloroform (1:1, v/v) solution. The desired 

water content was set by an additional injection of the buffer 

solution into the reverse micellar solutions and the resulting 

mixture was shaken vigorously on a vortex mixer until the 

15 16 

formation of a homogeneous (optically transparent) solution. ’ 
The buffers used to prepare the stock solutions of enzjnmes, 
coenzymes and substrates were potassium phosphate, 
tris-hydrochloric acid, glycine-potassium hydroxide, tris- 
glycine. pH was measured on ELICO LI-120 digital pH meter. The 
concentrations of the enzymes, coenzymes, substrates and buffer 
components were adjusted according to the case of solubilization 
at specified water pools. 

II. 2. 3 Enzyme actl.Yltz measttrgmeflt 

Activity of enzymes was measured spectrophotometrically by 
using Gilford Response and Gilford 260 recording u.v. /visible 
spectrophotometers. The cell compartment was kept at the 30°C 
within the precision of ±0.1°C by circulating water in the 
thermospacer set of the spectrophotometer from an external 
thermostat which controlled temperature by a high precision 
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electronic relay. The reverse micellar solutions containing 
substrate, coenzyme and desired amount of buffer, were incubated 
for few minutes and the reaction was started by injecting (2-10 
)LL 1) of aqueous stock solution of enzyme to the incubabion 
mixture. The resultant micellar solution was put into the quartz 
cell of 1 . 0 cm path length and the initial velocity of enzyme 
reaction was measured by observing the decrease in absorbance 
with time at the absorption maxima (340 nm) of NADH/NADPH which 
gives ^340 nm'^”'^’^' Adequate control runs were carried out to 
ascertain the absence of artifacts like scattering and self 
dissociation of species in the micellar media. 

II. 2.4 Enzyme activity sfll gu al a tlan 

The enzyme activity is defined as ji-moles or n-moles of 
product formed per minute per milligram of enzyme (protein) and 
was calculated as follows*. 

By Beer Lambert’s law 

A 

Absorbance (A) = ECl or C = ---- 

EL 

where E = Extinction coefficient, C = concentration, 1 = path 

length in cm. 

Here g^ADH/NADPH _ g 2 x 10^ litre/moles . cm and 1 = 1 cm 
Ao /min. 

_3i5_Q(2 — __ — — - (moles /litre) min- 1 
6.2 X 10^x1 


Hence C 
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C = 


6.2 


( iX moles/ml )min-l 


Specific activity = ju. moles product formed min ^ protein 


*340_amf“!:“: 

6.2 X mg enzyrae/ml reaction mixture 


Since in these dehydrogenases (DHFE, LDH and MDH) the 
correspondence between coenzymes oxidised and product formed is 
1:1. Therefore in the present study specific enzyme activity has 
been expressed as moles of NAD^ or NADP^ formed min ^mg ^ 
protein. 

II. 3 RESULTS mi DiaCQSfilflH 

Reverse micellar medium was found to be a versatile medium 
for ill vitro study of enzymes DHFR, LDH and MDH. Water 
solubilized in the polar core of the reverse micelles forms water 
pool where entrapped enzymes are protected from the unfavourable 
action of organic solvents and surfactant molecules. In this way 
the reverse micelles behave as novel microreactors which 
accommodate enzymes and all the substrates in the water pool. 

II. 3.1 Solubilization fit snzs3a&& xia reY fi r aa m i gallfia 

The solubility of these enzymes in GTAB reverse micellar 
system was found to be dependent on surfactant concentration, the 
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molar ratio of water to surfactant (w^),type and concentration of 
buffers, concentration of aqueous stock solution of enzymes, 
temperature etc. Reverse micellar solutions of these water 
soluble enzymies in CTAB/isooctane: chloroform (1:1, v/v) were found 
to be homogeneous and optically transparent under specific 
conditions. This indicates that these enzymes in reverse 
micelles are solubilized according to water-shell model by which 
the enzymes reside in the centre of the water pool, surrounded by 
shell of water molecules which protects the enzymes from the 
surfactant wall and from the bulk organic solvents. It is 
expected that only a small fraction of the micelles are filled by 
enzyme molecules, the rest being available for coenzyme, 
substrate and water molecules. These enz 3 rme containing micelles, 
coenzyme and substrate containing micelles, the micelles 
containing enzyme-substrate complex, and the unfilled micelles 
are considered to be in rapid equilibrium i.e. exchanging guest 
molecules very rapidly. 


Concentration of solubilized enzyme or substrate in the 

reverse micelle can be expressed in two different ways. One is 

relative to the water pool, where enzyme reaction takes place and 

the other is relative to the overall system. For a compound 

which is practically insoluble in the organic solvent, the two 

17 

concentration are as follows. 


ov 


= C F 
wp w 


where G and C are the overall concentration and the water 
ov wp 

pool concentration respectively and F^ is the water volume 
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fraction which is given as 

®’w ■ W^CCTAB](1.8)/100 

In the calculations of present study the overall concentration 

has been considered throughout unless stated otherwise. The 

concentration of aqueous stock solution of enzyme and salt 

concentration in which enzyme is stored as a suspension, was 

found to affect the solubility of enzymes in reverse micelles 

very significantly. DHFR which is a small enzyme (MW 20000 
5 18 

dalton) ’ was not solubilized easily as compared. to the MDH (MWcii 

70000 dalton and two subunits of 35000 dalton each) and 

to the large and complex enzyme lactate dehydrogenase (MW 

6 18 

140,000 dalton comprising of four subunits). ’ The main reason 
for this was that for the aqueous stock solution of enzyme to be 
entrapped in reverse micelles, DHFR was diluted upto about 20 
fold from its commercially supplied stock solution whereas LDH 
and MDH were diluted upto about 250 to 500 times. These 

dilutions were made to adjust the initial velocity of enzyme 
reaction in a better measurable range. At these dilutions the 
concentration of aqueous stock solution of DHFR to be solubilized 
in reverse micelles, was about 0.1 mg/ml whereas for LDH or MDH, 
it was about 0.01 mg/ml. On the other hand the concentration of 
ammonium sulfate (these enzymes are stored as suspension in about 
2-4 M ammonium sulfate) after the enzyme dilution was about 200 
mM for DHFR and about 10 mM for LDH or MDH. Higher salt 
concentrations in the case of DHFR created solubilization 
problems because only suitable dilute solutions can penetrate the 
wall of the micellar core. Type and concentration of buffer, in 
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which aqueous shock soluhions were prepared, were also found to 
affect the solubility of enzymes in reverse micelles. A buffer 
in which assay is carried out in aqueous medium may or may not be 
suitable for the assay conditions in reverse micelles. 

11.3,2 E a a xms astiylty in r eve rse micellar solution 

Reverse micelles have been found to prevent enzyme 

denaturation by organic solvents and surfactant molecules. In 

the reverse micelles the molar ratio of water to surfactant (w = 

o 

CH 2 O 3 /[CTAB] ) is an important parameter which defines the size 

20-22 

and properties of the water pool. The specific activity of 

enzjnmes was found to be dependent on various factors like w^ , pH, 
surfactant concentration etc. 

II. 3. 2.1 Influence sii degrsfi stl hydratian an snazma aetivity 

One of the most striking effect observed in the study of 
behavior of enzym«s in reverse micelles is the dependence of 
catalytic activity of solubilized enzymes on the degree of 
hydration (w^) of the reverse micelles. 

The effect of water content of DHFR activity (Fig. II. 1) 
shows that the catalytic efficiency of the enzyme increases with 
increasing w^ reaching a maximum at 13.33, this value of ^0 
called the optimum w^ (V,opt'^’ this w^ values decrease in 

activity occurs. At a value of w^ 13.33, pH 7.0, CTAB 75 mM the 
enzyme activity wes higher than that in aqueous buffer which is 
referred to as "super activity . Fig. XI. 2 shows the effect of 
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of control activity 


[CTAB]=75mM, pH-7.0 
|CTAB]=100mM,pH=7.0 



Fig. II. 2. EHFR activity ys profiles at two CTAB concentrations: 

75 inM CTAB (O — O) and 100 ml-l CTAB (□ — □) . The activitv 
is expressed relative to the activitv in aqueous buffer." 
Other concentrations were same as in Fig. II, 1. 
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degree of hydration on percentage control activity of DHFR at two 
different surfactant concentrations namely 100 mM and 75 mM CTAB. 
In these plots optimum values of w are different. At 75 mM 

p 

CTAB, optimum w^ was 13.33 with corresponding enzyme activity 

being 125% of the value found in aqueous buffer pH 7.0 whereas 

for 100 mM CTAB the value of optimum w^ was 14.44 which 

corresponds to the full enzyme activity as compare to the aqueous 

meditim. Below and above of these optimum w^ values a decrease in 

enzyme activity was found. Enzyme activity w profile as a 

o 

function of pH is shown in Fig. II. 3. For each (pH of 

the buffer solution injected into the reverse micellar solution), 

a bell-shaped curve is obtained. In the present study the term 

pH has been used in place of This tnay or may 

not be the actual pH inside the core of reverse micelles. These 

type of bell shaped curves have also been found for other 

17 

enzymes. For example, OC-chymotrypsin, horse liver alcohol 
23 . 27 


dehydrogenase , 


yeast alcohol dehydrogenase,*" lysozyme, 

24 26 

lactate dehydrogenase, 


25 
malate 


glutathione reductase, 

16 

dehydrogenase etc. From these cases, it appears that the bell- 
shaped dependence of enzyme activity upon w^ represents a general 


feature of the micellar enzyme solution. 


Effect of w on LDH activity has been shown in Fig. I I. 4. 
o 

At initial w enzyme activity was almost equal to zero. An 

■ O' 

increase in water pool size showed increase in enzyme activ: 
touching a maximum at w^ 30.55. This highest activity in reverse j 
micelles was equal to the activity observed in aqueous buffer at ; 

Variations of enzyme activity with degree of f 


optimum conditions. 



110 



Fig. II* 3, Percentage conti 
function of w e 
were 25 mM tris- 
(pH*9-10). Surf 
trations were ti- 




^ mol NAD miif' mg ' PROTEIN 



Fig. II. 4, Specific activity of LIH as a function of w in CTAB 
reverse micelles in isooctane; chloroform (1:1, v/v) 
water mixture. The concentrations were as follows: 
[CTAbJ = O.lM; [nadhJ = 0.2 mM; [ Sodium pyruvate] == 

1 mM; and Potassi\im phosphate buffer, O.lM, pH 7.0. 
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hydration at different pH values are shown in Fig. II. 5. 

For every pH value almost same shape of curve has been obtained 
in which enzyme activity first increases with increasing w^ and 
reaching a maximum at particular later it shows decrease in 

enzyme activity with further increase in w^ values. Enzsane 
activity maximum has been found to decrease with increasing pH 
values. The data on w^ dependence of enzyme activity indicate 
that size of the water pools of the reverse micelles plays a very 
important role in regulating the enzsrme activity. 

Figure II. 6 gives the variation of specific activity of MDH 

with respect to the degree of hydration at pH 7.5 (equal to the 

optimum pH in aqueous buffer) in micellar media. Upto the w^ 

value 5, the enzyme activity was very low and the maximum enzyme 

activity was obtained at w^ value 33.33. The variation of 

specific activity of MDH with values at pH 10.3 has been shown 

in Fig. II. 7. Similar to the data of Fig. II. 6, enzyme activity 

at initial w values was low but later increased with increasing 
o 

w . The maximum enzyme activity in this case was at the w value 
o o 

25.55. Fig. II. 8 gives the data on the variation of initial rate 
of enzyme MDH as a function of w^ at different pH values. It may 
be noted that the enzyme activity increases with increasing 
values of w^, the lowest activity values being at the stairting w^ 
value of 3 . 33. Upio the w^ value of 6, the enzyme activity was 
ranging between 5-20% of the activity found in aqueous buffer. 
Similar to the behavior of other enzjnnes each activity “ Wq 
profile is a bell -shaped curve. The maxima on the curve 
determines the value of w^ at which the enzyme shows maximum 



mg protein 



Fig. II. 6. Dependence of the specific activity of MDH on the 
w in the micellar system of CTAB/chloroform: iso- 
oStane (1:1/ v/v) . Concentrations were: [ctab] = 
O.lM; [nADH] = 0,2 mM; [Oxaloacetate] = 0,5 mI-1; 
The potassium phosphate buffer O.lM, pH 7.5) was 
same in both aqueous and reverse micellar system. 




protein 


In aqueous buffer 
pH 7.5 

In reverse micelle 
pH 10.3 


I 500 


Fig. II. 7, Effect of w on the specific activity of MEH at pH 10.3 
in CTAB revSrse micellar system. CTAB, NATH and oxalo- 
acetate concentrations were the same as in Fig. II. 6. 

The buffers were: O.Htpotassium phosphate, pH 7.5 (in 
aqueous system) and O.lHglycine KOH, pH 10.3 (in reverse 
micelles) • 
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ac'tivi’fcy . The maximum enz 3 nTie activity was achieved at w —25.55 

o 

and pH 10.3. This value is almost equal to that found in aqueous 

medium at pH 7.5. Fig. II. 9 shows the percentage control 

activity variation with optimum w^ obtained at different pH. 

Optimum w^ for MDH was in the range of 15-35 which corresponds 

to the % control activity in the range of 20-80%. Maxim\am 

percentage activity was at optimum w -25.55. 

o 

II-3.2.2 ol. pH an enzyme activity 

The rate of enzyme reactions and the kinetic parameters 
characterising them in most of the cases depend upon the pH of 
the buffer solution. When an enzyme reaction is transferred from 
an aqueous solution to reverse micellar system, significant 
changes in pH might occur. 

The pH dependence of dihydrofolate reductase activity in 
reverse micellar solution at different w^ values is shown in Fig. 
II. 10. Important feature of the pH data for all w^ values in the 
loss of enzyme activity at pH values lower and greater than 7.0 

which is similar to the effect of pH in aqueous medium. With few 

exception, this kind of pH profile in reverse micelles is an 
unusual phenomenon and has not been observed for more enzymes 
studied in reverse micelles. In general it is .found that pH 

profile for enzymes in reverse micelles shifts to the alkaline 

16,17,23,27 

Variation of max % control activity and optimum w^ with pH 
for DHFR are shown in Fig. II. 11. Fig. indicates that max. 



OPTIMUM cOo 


Fig. II. 9. Variation of maxim-um percentage control activity 
of MDH with optiimam in CIAB micellar system. 
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enzyme activity decreases almost linearly with increasing pH 
whereas optimum w^ shows very small change from pH range 7.0-10.0. 
For pH range 7-8, optimum w^ was constant where as for pH range 
8-9 the optimum w^ showed slight decrease and again it was 
constant for pH range 9-10. 

Specific enzyme activity - pH profile for LDH in both 
aqueous and reverse micellar media is shown in Fig. 11.12. In 
both media the specific activity of LDH increases with the 
increase in pH, reaching a maximum at 7.0 and then starts 
decreasing. The effect of pH on enzyme LDH in reverse micellar 
media is similar to that of DHFR but different from other 
enzymes . In some enzymes the pH maximtam in reverse micelles 
becomes 1-3 pH unit higher thj^t the pH maxima in aqueous 
medium, but in the case of LDH the optimum pH in 
both the media remains the same. Fig. 11.13 shows the variation 
of enzyme activity of LDH as well as optimum w^ with pH. Maximum 
enz 3 ane ' activity was at pH 7.0 which decreases linearly with 
increasing pH. Optimum w^ remained constant at 30.55 throughout 
the pH change in reverse micelles. At this w^, an increase in pH 
by one unit shows 70% loss of enz 3 nne activity. 

Fig. 11.14 gives the effect of pH on MDH activity in aqueous 
and reverse micelles at different w^ values. Activity of enzyme 
shows a maximum value at 'a particular pH. Above and below this 
pH, activity of enzyme decreases. It is interesting to note that 
in aqueous and reverse micelles at w^ higher than 20, the 
decrease in enzyme activity from its maximiam limit is steep and 
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almos'b linear whereas at, lower "the decrease is less steep and 

in the form of a curve. In aqueous solution the enzyme MDH 

exhibits maximum activity at pH 7.5, whereas in reverse micelles 

the maximum activity occurs at pH 10.3. This type of pH shift 

has been observed for other enzymes in reverse micelles. Unlike 

DHFR and LDH, the maximum enzyme activity-pH profile for MDH is 

bell shaped Fig. 11.15(a) with a maximum at pH 10.3. At this 

maximum pH (10.3) and w^ 25.55 the enzyme activity is 80% of the 

activity in aqueous buffer at its optimum conditions. Fig. 

11.15(b) shows the variation of pH as a function of optimum w^ 

(Wq is found that by increasing pH of the buffer 

solution the optimum w decreases in almost linear fashion. 

o 

II. 3. 2. 3 Influence q 1 au r f a gtanA ggpoentr a tl o n gp spazme actlYiirZ 

For the display of maximum enzyme activity in reverse 
micelles, optimum concentration of the surfactant is critical. 
Almost all the enzymes have different values for optimum 
surfactant concentration. 

Variation of surfactant (CTAB) concentration for DHFR showed 
that enzyme activity was highly regulated by this parameter (Fig. 
11.16). At two optimum conditions (w^ = 14.44, pH 7.0 and w^ = 
11.66, pH 9.0) the activity CTAB concentration profile displays 
maximum at 75 roM CTAB concentration. lu the condition CTAB — 75 

mM w = 14.44, pH 7.0, the enzjnne activity was 120% . of the 

, o, ■ . . 

activity found in aqueous buffer at its optimum conditions 
whereas at CTAB = 75 mM, w^ =11.66, pH 9.0, the enzyme activity 
was reduced to one half of the value found in the former case. 



MAX."/. CONTROL ACTIVITY 


OPTIMUM COo 
Fig.II. 15(b) 



Fig, II, 15 (a) MaximxM MDH activity plotted as function of pH in 

irevefse micellar system of CTAB in isobctane-chloro- 
form. 

(b) Variation of optimim pH with optimum w for MIH in 

CTAB/chloroform-'isooctane (1:1/ v/v) reverse micellar 
system. 
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Fig. II, 16, DHFR activity vs surfactant concentration profile 
at fixed pH and values in CTAB raicel la r system. 


i 
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The concent,rat.ion of surfactant, influences the enzyTne 

activity of LDH remarkably as shown in Fig. 11.17. The maximum 

enzyme activity was at CTAB concentration 0.1 M at both the w 

o 

values viz. 30.55 and 15.55. Below and above this optimum CTAB 

concentration (0.1 M) the enzyme activity decreased. At the same 

CTAB concentration (0.1 M) lowering of w from 30.55 to 15.55 

o 

resulted in a loss of about 30% enzyme activity. 

Percentage control activity - CTAB concentration profiles 
for MDH at w^ 25.55, pH 10.3 and w^ = 31.11, pH 8.4, are shown in 
Fig. 11.18. The effect of surfactant concentration was similar 
to the case of LDH which displays maxima at CTAB concentration 
0.1 M. 

Water pool of the reverse micelles seems to be an important 
region. The size of the water pool controls the activity of 

enzymes entrapped therein. It seems that the optimum value of w^ 
(where enzyme activity is maximum) is different for different 
enzymes. The optimum value of w^ probability depends on the size 
and complexicity of the enzyme. Maximum enzyme activity of DHFR ' 
in CTAB reverse micellar system is not found at the largest 
possible water concentration, but rather at w^ values well below 
15. Apparently the size of water pool inside the reverse micelle 
is such that it suitably accommodates the enzyme in its most 
active conformation. It xs expected that, the maximum enzyme 

activity is found where the size of water pool resembles the size 

of enzyme. The super activity of the enzyme DHFR, is a rare 

phenomenon which may be partly attributed to the special 
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microenvironment generated by the formation of right kind of 
surfactant aggregates where the enzyme is able to retain its most 
active conformation. 


In the case of LDH also water pool size affects the enzyme 

activity remarkably. Very low enzyme activity at lower values of 

Wq (O-IO) may be attributed to the small water pool size where 

big molecules of LDH may not be able to ac<iuire functional 

conformation due to volume crunch or the active site of enzyme 

might be distorted. This will result in the decrease in observed 

enzyme activity. With the increase in water pool size (w in the 

o 

range of 10-30) enzyme apparently approaches the most functional 

conformation and an increase in activity is observed. Decrease 

in enzyme activity beyond w 30.55 may be because of decrease in 

o 

interfacial tension at high water content. A decrease in 
interfacial tension may not be able to prevent all the enzyme 
molecules from coming in contact with organic solvent and 
surfactant molecules. 


Similar to DHFR and LDH, the activity of MDH highly depends 
on the size of the water pool. Very low enzyme activity at lower 
water pool range (3.33-8.88) indicates that a large fraction of 
enzyme molecules were probably directly exposed to the organic 
solvent and were denatured. However, a small fraction of enzyme 
molecules which are protected somehow, might be in the centre of 
the inner core and could catalyse the reaction. It is also 
expected that at lower water content in the reverse micelles, the 
water droplet size may come close to the size of enzymes. 
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yeast, alcohol dehydrogenase,^ glutathione reductase^^ etc. In 

most other enzymes, the pH maxima in reverse micelles becomes 

about 1-3 pH unit higher than the pH maxima in aqueous medium. 

In the case of DHFR and LDH, same optimum pH in both the media, 

probably indicates that in the micellar microenvironment, pK of 

a 

amino acid residues remains almost unchanged. 

The shift of the pH optimum on alkaline side for maximum MDH 
activity (^3 pH unit) in reverse micelles than that of aqueous 
solution may be attributed to the following reasons: (i) Probable 
charge in the ionogenic group of the solubilized enzyme. (ii) 
Conformational change in the enzyme on solubilization leading to 
apparent change in pK of certain amino acid residues at the 

3 . ’ 

active site of the enzyme. (iii) Change in the behavior of water 

in the water pool (or microreactor) as the reverse micelles 

30 

provide unique microenvironment. (iv) Ions of the surfactant 
CTAB which may form charged layer around the enzyme molecule, 
(v) Peculiar nature of the solvent in the reverse micelles. 
These reasons separately or simultaneously affect the local pH of 
the water pool of the reverse micelles. 

The optimum- surf actant concentration (at which enzyme 
activity is maximum) is an important parameter for the study of 
enzymes in reverse micelles because at this concentration the 
surfactant aggregates formed are such that promote the enzyme in 
its most active conformation. This optimum surfactant 
concentration generates an unique microenvironment where the 
enzyme molecules are prevented from foreign harmful effects. At 
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lower surfac'ban't concen'tra'tion enzyme molecules are not, well 
protect,ed from the unfavourable action of organic solvents where 
as at higher surfactant concentration reverse micellar solution 
becomes too viscous. An increase in the microviscosity of the 
water pool will decrease the enzyme reaction rate because of the 
restriction in the movement of enzyme molecules in the water 
pool . , 

These data on the study of enzymes CDHFR, LDH and MDH) show 
that these dehydrogenase are able to retain their catalytic 
activity while solubilized in reverse micelles . The 
activity profiles appear bo be complex and are highly dependent 
on various factors like degree of hydration. pH of the injected 
buffer solution, surfactant concentration- etc. Our results 
demonstrate that the water pool size extensively regulates the 
catalytic activity of enzymes entrapped in reverse micelles. 
Once the water content reaches the proper catalytic amount, the 
reaction rate becomes maximum. Our results also show that number 
of optimum conditions in reverse micelles are more than that of 
aqueous optimum conditions . Some of the conditions may or may 
not be the same in both the media. These conditions are 
dependent on the size, molecular weight, subunits structure and 
complexity ' of enzymes as well as on the nature of buffers, 
surfactants and organic solvents. The studies on solubilization 
and activity of these enzymes (DHFR, LDH and MDH) in reverse 
micellar medium showed that these enzymes maintain their 
conformational integrity and subunit-subunit interaction inside 


the micellar core. 
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CHAPTER-III 


S £Eg .. TRAL suffix QE EH2XME SEAgllQNS AfflJ STABILITY QE 
EmUES IM REVERSE MICELLES 


III.l IHTR O Dg CT ION 

Spectroscopy has become a powerful tool in terms of 
structural information of organic and inorganic compounds. 
Ultraviolet/visible (u.v./vis.) infrared (I.R.), nuclear magnetic 
resonance (N.M.R.) and mass spectroscopy are most widely used 
techniques to illustrate the structural properties of given 
compound. Out of these U.V./vis. spectroscopy has been used most 
extensively for the biochemical studies.^ 

NAD and NADP (nicotinamide-adenine dinucleotide and NAD 
phosphate) are the two coenzyroes which are involved in 

oxidation-reduction reactions catalyzed by dehydrogenases. 
Warburg and Christian showed that nicotinamide ring of these 
coenzymes is involved in oxidation-reduction. The overall 
reaction is in Scheme III.l. When the coenzymes are reduced, the 
ultraviolet absorption spectrum undergoes a change, the oxidised 
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Scheme III. 1, Oxidation reduction reaction of coenzymes. 
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form show only a band at 260 nm due to purine and pyridine rings , 
but the reduced forms show an additional band at 340 nm. It has 
been shown that it is the nicotinamide ring which is reduced in 
the dehydrogenases reactions. On the basis of absorption in U.V 
region, it is easily predictable that which form (either 
oxidised or reduced) of coenzyme is present in reaction mixture.^ 

It has been shown that spectral properties of a compound are 
markedly affected by the environment. Guest molecules in reverse 
micellar environment are therefore, expected to show significant 
changes in their spectral characteristics. Since enzymes, 
substrates and/or coenzyme-containing colloidal solutions of 
water in organic solvents are optically transparent, hence 
absorption spectroscopy is found to be a convenient tool for 
studying the enzyme reactions in microheterogeneous media. 

The problem of time dependent stability of enzymes in 
reverse micellar solution requires some consideration. The 
optimum conditions for the stability of enzymes in reverse 
micelles are rather different than those in the aqueous medium. 
In general it appears that apolar environment destabilizes the 
enzyme conformationi whereas small amount of water in the reverse 
micelle’s polar core is able to control the stability of enzyTne 
hosted therein.^ la, fact water of the water pool residing in 
the interior of reverse micelles exhibits significantly different 
properties than those in bulk water . ^ Lower the degree of 
hydration (w^) greater is the change in the properties of the 
water pool. This and some other factors, are responsible in the 
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regulation of the rigidity of enzyme conf oirmation in reverse 
micelles . 

In this chapter the results of spectral characteristics of 
reactions catalyzed by enzymes, DHFR, LDH and MDH have been 
presented. Their storage and operational stability in reverse 
micellar medium has also been studied. 

III. 2 EXEERIMENTAIi SEgllQH 

111. 2.1 Materials 

Source and purity of all the chemicals and biochemicals used 
in these studies have already been specified in the chapter II 
(See Section II.2.1). 

111. 2. 2 MftthQda 

Reverse micelles containing enzyme and substrates were 

prepared by the method described in chapter II (Section II. 2. 2). 

TM 

All spectral measurements were done on Gilford Response 
u.v. /visible spectrophotometer while stability studies were 
carried out with a Gilford model 260 u.v. /visible 
spectrophotometer using 1 cm quartz cell at the temperature 30 C 
+ O.l'^C. After incubation of micellar solution, containing the 

enzyme at 30°C, aliquots were taken at the indicated time and the 
residual activity was checked by the procedure described for the 
activity measurements in chapter II (see Section 11.2.3). 


enzyme 
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A plot, of /(, act.ivit .7 vs time gives the time dependent stability 
of enzyme. 

III. 3 BESULIS AHD DISCUSSION 

III-3.1 S pfifijbrfl l aiSldz fif anzyms catalyzed reactions 

It is widely accepted that the spectral properties of a 
compound are signif icantly affected by the environment in which 
they are studied. It is also known that guest molecules in the 
reverse micellar water pool, change their confomation 
remarkably. Due to these reasons it became necessary to study 
the spectral properties of reactant and products in micellar 
media. 

III. 3.1.1 Spectral atttdz ol DHEB catftlzaad raaotifia 

In the first instance, the identical nature of the enzyme 
reactions in water (buffer medium) and micellar solution has been 
established with the help of spectral data. For this, the 
absorption spectra of the a<iueous and reverse micellar solution, 
before and after the completion of enzyme reactions was recorded. 
Fig. III. 1 shows the absorption spectra of coenzymes NADPH , NADP'*’ 
and the corresponding product of enzyme reaction catalyzed by 
enzyme DHFR. These spectra were recorded in both aqueous [Fig. 

111.1(a)] and reverse micellar medium [Fig. Ill . 1 (b) ] . In 
aqueous buffers at pH 7.0 NADPH and NADP'^ show absorption maxima 
at 339.0 and 259.0 nm respectively whereas in the reverse 
red shift in the spectrum has been observed and it 
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Fig, III, 1(b) Electronic absorption spectra of NADPH, NADP and the 

product formed (after the completion of DHFR catalyzed 
reaction) in micellar solution of CTAB/chloroform: 
isooctane (1:1, v/v) at w_ 14,44; pH 7,0 (25 mM Tris-KCl) 
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shows absorption maxima at 341.0 and 267.0 nm. Characteristic 
peak of the product in aqueous solution was at 260.0 nm whereas 
in the reverse micelles it was 271.0 nm. It aqueous buffer peak 
of product was only one unit higher than the peak of the NADP^ 
the case of reverse micelles it shows red shift of 5 nm. 
Comparison of the Shape of these spectra in aqueous and reverse 
micellar medium shows that below 250 nm the shape of spectrum in 
both the media is completely different. 

Fig. III. 2 gives the absorption spectrum of product formed 
in the DHFR catalyzed reaction. These spectrum, recorded in 
different environment, show significant change. Spectra obtained 
in micellar media at two different optimum conditions for maximum 
enzyme activity (w^ = 14.44, pH 7.0 and w^ = 11.66, pH 9.0) are 
almost identical in themselves but are different from the 
spectrum obtained in aqueous buffer pH 7.0. Change in the ■ 
reaction medium from aqueous to reverse micelles results in the 
red shift of absorption maxima. This red shift has also been 
observed when going from one optimum condition = 11.66, pH 

9.0) to other condition (w^ = 14.44, pH 7.0) in the reverse 
micellar medium. 

These data demonstrate that NADPH remains stable in the 
CTAB/chloroform-isooctane reverse micellar system. Red shift in 
the absorption maxima from aqueous medium to reverse micellar 
medium may be due to the change in the environment of reaction 
mixture and/or due to the formation of product in closed 
assembly. Change in the shape of spectrum from aqueous to 
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Fig. III. 2, Electronic absorption spectra of the product foimied( after 
completion of DHFR catalysed reaction) in aqueous buffer 
(pH 7.0) and in micellar solution at w 14,44; pH 7.0 and 
'^o pH 9.0, Buffers used were 2§ ml^ Tris~HCl (pH 7 

and 25 mM glycine-KOH (pH g.o) 
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reverse micellar medium is attributed to the change from polar 
environment to apolar environment. These data also indicate that 
the decrease in absorbance at 340 nm during the assay is solely 
due to the enzymatic oxidation of NADPH to NADP"^ in the presence 
of dihydrofolate which simultaneously reduces to the 
tetrahydrof olate . These spectral data indicate that same product 
is formed in both the aqueous and reverse micellar media. 


alkudz ^ LCE 


To establish the formation of same product in aqueous and 
reverse micellar medium for LDH catalyzed reaction absorption 
spectra of NADH, NAD^ , product formed, in both the media were 
recorded [Fig. III. 3(a) &(b)]. The absorption maxima of NADH, 
NAD^ and product in aqueous solution are at 339 and 259 nm, 2'59 
nm, 260 nm respectively whereas in the reverse micellar medixim 
these are at 339 and 264.5 nm, 265 nm, 266 nm respectively. This 
indicates there is a red shift of about 6 nm in these coenzymes and 
product in micellar media as compared to aqueous media. One peak 
of NADH (339 nm) remain unchanged in the micellar media. The 

spectrum of product in both the media is almost identical to 
that of authentic NAD^. 


The absorption spectra of products in the LDH catalyzed 
reactions are shown in Fig. III. 4. The spectrum in micellar 
medium recorded at different values of w^ and pH (w^ = 30.55, pH 
7.0 and pH 7.5; and w^ = 16.66, pH 7.5) are almost similar. All 
the spectra in micellar medium are almost identiGal to that of 
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Fig. III. 3(b) Electronic absorption spectra of NADH, NAD and the product formei 
(after completion of LDH catalyzed reaction) in reverse micellar 
solution of CTA3 in chloroform: isooctane (1:1, v/v) at 30,55, 
pH 7,0 (100 mM potassium phosphate). 



= 16.66 pH = 7.0 
= 30.55 pH = 7.5 



Fig. Ill, 4. Electronic absorption spectra or the product formed (after 

completion of LDH catalyzed reaction) in aqueous medium (pH 7 
and in micellar solution at w 30,55, pH 7.0- and 7.5 ;Wq 16. 
pH 7.0. Buffer used was 100 mM potassium phosphate ‘(pH 7-8) . 
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spectrum xn aqueous solution upto about 250 nm. Below the 

wavelength of 250 nm, the spectra in aqueous solution and micellar 

medium show differences which is attributed to the change in 

reaction environment. These data indicate that reactant and 

product in micellar media remain stable. Matching of spectrum of 
. 4 * ^ 

product with NAD (authentic) indicates that- the enzjrme LDH in 

reverse micelles too catalyzed the oxidation of NADH to NAD"*" in 

presence of sodium pyruvate. 

111,3.1.3 Sp . fiQtrfl l. a lady of catalyzed reaction 

Fig. III. 5 illustrates the absorption data obtained for MDH 
catalyzed reaction. Figures 111.5(a) and (b) compare the 
spectroscopic properties of NADH, NAD^ and corresponding product 
formed during the reaction in aqueous versus micellar solution. 

It may be noted that near UV absorption does not change 

significantly in the transition from aqueous solution to a 
reverse micellar solution. Changes are somewhat more significant 
in the 250 nm region. Similar to other enzyme catalyzed 

reactions (catalyzed in DHFR or LDH) a remarkable red shift has 
been observed in change over from the aqueous solution to 
micellar solution. In the spectrum of product, characteristic 
peak of NADH (339 nm) disappears and this spectrum is almost 
identical to the spectrum of pure NAD in both aqueous and 
reverse micellar medium. These spectra were recorded at 

identical conditions (viz. at same pH 7.5) in both the media. The 
waterpool size in the micellar medium corresponded to = 


33.33. 
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Fig, III, 5(b) Electronic absorption spectra of NADH, NAD and the profhict 
formed (after completion of MDH catalyzed reaction) in 
micellar solution of CTAB/chloroform: isooctane (1:1, v/v) 
at w 33,33; pH 7,5 (100 ml’^ potassium phosphate) , 
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Spectra of the products fosnned in aqueous and reverse 

micellar medium at different conditions are shown in Fig. III. 6. 

In the spectral region above 260 nm all the spectra are very 

similar, while below this region all the spectra are different 

from each other in as much as the U shaped region of spectrum 

disappears in the transition from aqueous to micellar solution. 

Change in pH (frdm pH 7.5 to pH 10.3) in aqueous medium shows 

slight change in the region below 260 nm while in micellar 

medium the variations are more significant (from w^ = 33.33, pH 

7.5 to w = 25.55, pH 10.3). 
o 

These data demonstrate that micellar medium provides 
stability to enzyme reaction and that the micellar environment 
affects the behavior of guest molecules therein. These data also 
indicate that in the MDH catalyzed reaction, NADH is oxidized to 
NAD^ in the presence of oxaloacetate. 

Electronic absorption spectra obtained for these ensjrmes 
(DHFR, LDH and MDH) have provided valuable data to characterize 
and identify the reaction products in the reactions catalyzed 
by these enzymes. There does not appear to be perturbation in 
the behavior of entrapped molecule in the micellar media and it 
is suggested that some changes in the properties of guest 
molecules may be due to the performance of enzyme reaction in 
micro -captive environment. 

III.3.2 Stability in xfixfixas laissll&K msdXim 

Time dependent stability of enzymes in an environment is of 




Fig^III.6. Electronic absorption spectra of the product formed (after completion 
of MDH catalyzed reaction) in aqueous solution (pH 7.5 and pH 10,3) 
and in micellar solution at w 33,33, pH 7,5 and 25,55, pH 10,3 , 
Buffers used were 100 mM potassium phosphate (pH 7;5) and 100 mM 
glycine-KOH (pH 10,3), 
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great interest because it can improve the storage conditions of 
enzymes . It has been obsexved that small amount of water present 
in the reverse micellar core, can regulate the storage stability, 
of enzyme and the time dependent stability of some enzymes in this 
medium might be much better than those stored in aqueous medium. 
It is possible to optimize the stability of enzymes by 
manipulating other parameters such as the addition of foreign 
substances or the decrease in temperature which is normally done 
to store the enzyme stock solution in aqueous medium (most of the 
enzymes are stored at either 0-5^C or below 0*^0. 

III. 3. 2.1 Time dependent stability of dibydrofolate reductase 

The residual activity of DHFR as a function of time is shown 
in Fig. III. 7. Time stability was found to be dependent on the 
degree of hydration (w^) and on the presence of substrate or 
coenzyme in the storage medium. Fig. 111.7(a) shows the change 
in percentage activity of DHFR as a function of time in aqueous 
and reverse micelles of GTAB in chloroform-isooctane mixture. 
The plots have been obtained at different enzyme substrate, 
combinations. Plots A and B give the time dependent stability in 
aqueous buffer (26 mM T.HCl pH 7.0). Plot A corresponds to the 
incubation of DHFH with NADPH whereas plot B is the result of 
incubation of BHFR with substrate dihydrofolate. Similarly plots 
0,D and E corresponds to the incubation of DHFR with NADPH, DHFR 
with dihydrofolate and BHFR alone respectively in the reverse 
micelles 100 mM OIAB in chloroform-isooctane (l:l)/water (25 mM 
T.HCl pH 7.0) at the w„ 14.44. From these plots it is evident 
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Pig. Illf 7(a) 


time (h) 

qtabilitv o£ DHFR as a function of time in _ water 
Hri dH 7.0) and 100 mM-CTAB-micellar 
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C “fR t Zh, [D] DHFR . FAH,, [e] DHFR (Ml C, 

and E are in micellar media} . 


114 


that in both the media, enzyme DHFR incubated with NADPH is more 
stable than that of enz3Tne with dihydrofolate or DHFR alone. In 
reverse micellar media after about 15 minute incubation, enzyme 
alone looses about 85% of its activity whereas enzyme + 

dihydrofolate and enzyme + NADPH loose about 50% of their 
activity . On the time scale enzyme alone lost about 85% its 
activity within 15 minutes where as enzyme + dihydrofolate and 
enzyme + NADH lost the same amount of activity after about 1 hr. 
and 48 hrs. respectively. The possible reason for the greater 
stability of DHFR in presence of NADPH is the formation of strong 
enzyme -coenzyme complex than enzyme-substrate complex. These 
data indicate that coenzyme or substrate improve the stability of 
enzyme in both aqueous and reverse micellar media. It also shows 
that incubation of enzjnne with NADPH provides more stable 
conditions that its incubation with dihydrofolate. 
Fig. 111.7(b) shows the stability data of DHFR at different 
parameters such as pH and surfactant concentration. The 

inactivation of enzyme proceeded rapidly in micellar medivun at w^ 
= 14.44 and 100 mM CTAB, w^ = 13.33 and 75 mM CTAB, w^ = 22.77 

and 100 mM CTAB. But the stability improved as w^ was reduced to 
7.22 (100 mM CTAB). At lower and medium w^ values enzyme is more 
stable than in aqueous buffer. After 48 hrs. in aqueous solution 
DHFR looses its activity by about 90% whereas the loss of enzyme 
activity was less in micellar medium; at w^=13.33, CTAB, 75 mM 
and w s 14 . 44 , CTAB 100 mM enzyme looses around 85% of its 

original activity after 48 hrs. whereas at w^ = 7^ the enzyme 
looses about 50% of its original activity after same interval of 
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Ig. III. 7(b) Stability of DHFR as a function of time in aqueous 
and CTAB~micellar solutions at different w . [Aj 
W 7,22 (100 mMCTAB); [b] water, pH 7.0; [cj 
w° 22.72 (100 mMCTAB) ;[d] Wq 13.33 (75 mM CTAB) ; 
[§J w 14, 44 (100 nvM CTAB) , ' Buffer used was 25 itiM 
Tris-ici pH, 7 . 0 .: ^ ^ ^ 
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time. This t 7 pe of improved stability at lower w values has 

o 

also been observed for other enzymes like Ct-chymiotrypsin, 

7 

lipase etc. From these data it appears that in reverse micelles 
at low water content enzyme assumes a more rigid conformation and 
hence has a higher stability . The enzyme does not show better 
stability at the condition where it shows super activity. This 
probably indicates that DHFR has two conformation, at one 
conformation enzyme shows better stability while at other 
conformation it shows super activity. This type of different 
conformations for enzyme stability and activity have also been 
observed in aqueous medium. 



Fig. I I I. 8 gives the storage and operational stability data 
of enzyme lactate dehydrogenase. Effect of incubated 
combinations (LDH + NADH, LDH + sodium pyruvate and LDH alone) on 
the stability as a function of time is shown in Fig. 111.8(a) . 
Plots A and B show the stability of enzyme in aqueous buffer 
pH 7.0. A corresponds to the incubation of LDH with NADH whereas- 
B for incubation of LDH with sodium pyruvate . Plots C , D and E 

give the variation of residual activity with time in micellar 

media, C for incubation of LDH with NADH at w^ = 30 55, pH 

7.0 and CTAB concentration 100 mM where D and E shows the 
incubation of LDH with sodium pyruvate and LDH alone. The 
activity of LDH in 100 mM potassium phosphate buffer, pH 7.0, 
dropped slowly to approximately 60% often 6 hr. incubation . The 
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inactivation of LDH in nlcellar aolution containing enzyme and 
enzyme + Ha Pyruvate oocura rapidly whereas enzyme incubation 
with NABH ahowa better atablUty. These results demonstrate that 
coenzyme HADH binds to the enzyme more strongly than the binding 
of substrate sodium pyruvate and hence NADH provides a more rigid 
conformation to the enzyme molecules. 


Fig. 111.8(b) shows the effect of degree of hydration on 

time dependent stability of LDH. In micellar medium maximum 

stability of enzyme is at w^ = 30.55, pH 7.0 where the enzyme 

shows its maximum activity also. It indicates that LDH has same 

conformations for maximum enzyme activity and stability in 

micellar media. The activity of LDH in 100 mM potassium 

phosphate buffer, pH 7.0 dropped to approximately 15% after 48 

hr. incubation whereas it was about 3% in micellar medium at w = 

o 

30.55, pH 7.0 after same interval of time. The enzyme is more 
stable in aqueous medium than in reverse micellar medium. 


III. 3. 2. 3 
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The data obtained for time dependent stability of MDH are 
shown in Fig. III. 9. Similar to other enzymes (DHFR and LDH) 
this enzyme is stable in presence of coenzyme NADH in both 
aqueous and reverse micellar media [Fig. III.9(a)3- In micellar 
medium (plots C,D and E) the enzyme looses its activity very 
rapidly as compared to the activity in aqueous medium (plots A 
and B) . In aqueous solution the activity of Mm dropped 
90% after 15 minutes incubation whereas in micellar medium the 
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stability of LEH as a fttnetion of time in aqueous and 
100 mM CTAB micellar solutions at different w , [a] 
water; [b}w^ 30*55; [cjw^ 36.11; [d] 16, §6, 

Buffer used was 100 raM potassium phosphate pH 7,0, 
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Fig. Ill .9 (a) 
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activity dropped to about 50SS after same time incubation. In 
micellar medium witbin 3 hrs. of incubation the en 23 nite activity 
reduces to almost zero value whereas in aqueous meditim activity 
dropped to zero values after about 24 hrs. of incubation. 

FiS- 111.9(b) gives the effect of w^ on time dependent , 

stability of enzyme MDH. Plots B,C and D show that in micellar 

medium activity is not signif iceuitly improved by changing w^. 

Stability is maximum at w = 25.55 and pH 10.3 where the maximum 

o 

enzyme activity has been observed (optimum condition). These 
data demonstrate that MDH in CTAB /chloroform-isooctane /water 
reverse micellar system is not as much stable as it is in aqueous 
medium. This may be due to denaturation of some fraction of 
enzyme molecules by apolar solvent. As it is expected some 
molecules of enzyme may be in contact with apolar solvents 
because enzyme does not show its full activity in micellar 
system. It shows around 80% of the activity in aqueous buffer. 

The results on enzyme stability is micellar media give the 
information about binding of substrate and coenzyme to the 
enzyme. They also show that very small amo\xnt of water in the- 
micellar core, may control the stability of enzyme in micellar 
media and hence give the information about the rigidity of enzyme 
conformation in micellar media. 
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CHAPTER - 12 


KINETIC CHARACTERISTICS OF ENZYMES IN REVERSE HICELLi^ 

IN NON-AQOEOUS SOLVENTS 

IV. 1 INTRODUCTION 

The characteristic property and function of enzymes is the 
catalysis of biochemical reactions. Catalytic function of 
enzymes is based on the quantitative measurement of rate of 
enzyme catalysed reaction. To understand the mechanism of enzyme 
action, kinetic studies should be correlated with chemical and 
structural studies on the enzymes. In order to get a complete 
picture of these processes, a detailed study of enzyme kinetics is 
necessary. Without knowledge of the kinetics of an enzsnae 
catalyzed reaction, it is not possible to fully comprehend as to 
how an enzyme works in chemical terms cr how it functions in the 

living cell.^’^ 

Many factors influence the velocity of a enzyme reaction 
such as enzyme concentration, concentrations of its substrate(s) , 
activators and inhibitors specific for the enzyme, nonspecific 
effects of compounds (Salts and buffers), pH, ionic strength, 
temperature etc.^ Effect of some of these parameters has already 
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been disouseed in previous chapters. Out el these inlluenoing 
factors, substrate concentration is one of the most important 
factors. In this chapter, the effect of substrate concentration on 
ensyme reaction rate, in aqueous medium and reverse mlcailar 
medium at all other optimum conditions, has been presented. 

Enzyme activity is nearly maximum at the highest feasible 
su.bs’tra.'be sa.'burat.ion concentrat.ioii. The first step in. enzyme 
catalysis is the binding of substrate(s) with enzyme by forming 
enzyme substrate complex (ES). The substrate is bound to a 
specific region of the enzyme called the active site. The active 
site is a three-dimensional entity which takes up a relatively 
small portion of the total volume of an enzyme. Substrates are 
bound to enzymes by relatively weak forces described by either 
lock and key model or induced fit model, 

IV. 1.1 MlchaQlla i Mfintgn Klnfitica 

At a constant concentration of enzyme, the reaction rate 

increases with increasing substrate concentration until a maximum 

velocity is reached. Michaelis and Menten interpreted the 

maximal velocity of an enzyme catalysed reaction in terms of the 

formation of a discrete ES complex. At a sufficient high 

substrate concentration, the catalytic sites are filled and so 

the reaction rate reaches a maximum. They have proposed the 
' 4 5 

following scheme for the kinetic properties of many enzymes. ’ 
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k ^ 

E + S -cr— ES > EP .. (IV.l) 

>^2 

the catalytic rate is given by 

V = • [ES] . . (IV. 2) 

using steady state assumptions, the following Michaelis-Menten 
equation can be derived. 

k^3^.CE ][S] 

V = -S§5— 2 _ _ (IV. 3) 

K -f [S] 
m 

V [S] 

V= .. (IV.4) 

K +[S] 
m 

^2 ^cat 

where V = k . [E ] ; K = ( ) ' (IV, 5) 

insioc 03.^ o in, "ir 

1 

K is defined as substrate concentration at which the reaction 
m 

rate is half of its maximal value. 

IV. 1.2 Relation between dissociation gpoa-tflat and Mighaella 
ggaataat 

Dissociation constant (K^) is given from eqn. (IV.l) 

K =--- .. (IV.6) 

k 

1 ■ 

Michael is constant is given by 

^ ‘‘cat. . 

■ K. — “ .. . . 

m V 

JV^ 
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K, if k„ >> k , 
a 2 cat 


when this condition is met, is a measure of the strength of 

the ES complex a high K indicates weak binding, a low K 

m m 

indicates strong binding. The K indicates the affinity of the 

m 

ES complex only when k„ is much greater than k 

2 cat 


At low substrate concentration i.e. [S] << K (eqn. IV. 3) 
becomes as 


V = 


K . [E ][S] 
K 

m. 


. . (IV. 11) 


Above expression shows that k . /K is an apparent second order 

Co. L» ni 

rate constant. The importance of is that it relates the 

reaction rate to the concentration of free, rather than total, 

4 5 

enzsnne . ’ 


IV . 1 . 4 Transformation Mlchaelis - Menten eguatiaa in tlifi linear iorm 


One of the best methods for transformation of the Michaelis- 
Menten equation into linear form is the double reciprocal or 
Lineweaver-Burk plot. On inverting equation (IV. 4) we get 

1 1 K 1 ' 

_ =: + __IS_ , (IV.12) 

V V V [s] 

max max *- ■' 

plot of 1/V against 1/S gives a straight line with an intercept 

of 1/V and slop of K /V„^^. From eqn, (IV.12) the value 

' max m max 
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can be obtained graphically. In the present study 

the kinetic parameters have been detearmined from Lineweaver— Burk 

I 4,5 
plots. 


IV. 1.5 Ki net i c theory ci enayine reaction In reyerae micellar systems 

For a reaction between enzymes E and substrates S that obey 

the Michaelis kinetics in an organic solvent-water-surfactant 
6 7 

system. ’ 

E + S ES > E + Products .. (IV. 13) 

(i) It is assumed that a solution of a surfactant consists of 

two phases i.e. a bulk phase of an organic solvent and a 

phase of micelles wetted by water. 

« 

(ii) the substrate is distributed evently between these two 
phases 

^^^in the bulk phase ^ in micelles .. (IV, 14) 

The partition coefficient, of the substrate is defined in the 
following way 

p _ (IV.IS) 

The <iist:.ribu."bi:on of hhc enzyme need nof be considered becense 
proteins are almost insoluble in hydrophobic solvents. In 
addition, enzymes are as a rule denatured in non-’aq.ueous media . 
Therefore it is assumed that the catalytic activity of enzjniie is 



130 


concentrated only in the micellar phase. 

The rate of equation (IV. 13) can be expressed (in the 
initial instant when the concentration of products is very low 
as compared to the initial concentration of the substrate, with 
excess of substrate over the enzyme and under stationary state 
conditions) in the form of the Michael is-Menten equation (IV. 3). 


Y - Q .. (IV. 16) 

^m, micelle ^ ^^o^micelle 

where Q is the volume fraction of the micellar phase 

It is assumed again that the exchange of the substrate 
molecules between the phases is sufficiently fast i.e. enzyme 
reaction (IV. 13) does not violate equilibrium (IV. 14) and 
equation (IV. 15) is only valid for sufficiently dilute solutions 
i.e. the concentration of the reagents should be much lower than 
that of the surfactants. 

Then the concentration of the reagent can be found as 


fSo^total = C^o^mlcella ^ C®o’bulk 




On subs’ti‘bu“bing equation (IV, 15) in equation (IV, 17) 

F s 1 

^ Q~^rnicelle 


^^o^total ^^o^micelle'^ ^ 


*-^o^total^L° + 


(1“Q) 


(1 ~ Q) 


] 


. . (IV. 17) 
..(IV. 18) 

.. (IV.19) 


^^o^micelle 


(IV.20) 



131 


On substituting equation (IV. 18) and (IV. 20) in equation 


V = 


k r 1 

cat^ml cel le^ ""o total 


•[sj 


o-' total 


K 


+ r s 1 /f 0 1 ^ 1 

m/ micelle ^ o-* total' P -J 


i/[q+ 


(1-Q) 


On rearranging equation (IV. 21) 

V = ^cat, micelle^ ^o^ total* ^^o^ total 
^m/micelle*!-^'*' ^ ^^o^total 

again on rearranging equation (IV. 22) 


^cat/mlcelle^^o^total*^^o^ total 
^,micellel^^ ^^^s'^l-^o^total 


if one assumes k^^t, micelles ^cat , apparent 

micelle ~ apparent 

then equation (IV. 23) becomes 

Y _ ^catx§pp§rent^^g]^total^|[^o^total_ 

^m, apparent ^ ^^o^ total 

In the case of a reaction involving a charged substrate 

substrates are confined to aqueous micellar phase i.e. 

and P Q >> 1 then 
s 

^m, apparent ~ ^m, micelle • ® 


(IV. 16) 

.. (IV. 21 ) 

.. (IV. 22 ) 

.. (IV. 23 ) 

.. (IV. 24 ) 
.. (IV. 25 ) 

.. (IV. 26 ) 

or if the 

P >> 1 

s . : 

.. (IV. 27 ) 
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ConGerning the enzyme reactivities and their kinetic 

parameters in reverse micelles, Luisi et al.^ pointed out the 

duality in expressing the concentration in a reverse micellar 

system, depending on whether one operates with water pool (wp) 

concent. rations or with overall (ov) concentration. Corresponding 

to these two concentrations, there will be two K values to 

m 

consider numerically related by the 

factor f 


(K ) 

^ m ov 


= (K ) 
m wp 


. . (IV. 28) 


where f=F +P(1-F) 

w w 


. . (IV. 29) 


here F is the water volrime fraction and P represents the 
w s 

partition coefficient of the substrate (the enzyme is assumed to 
be soluble only in water pools) 


when P = 1, (K )„^ = (K )^^ .. (IV. 30) 

m Wp m ov 

For substrates that are preferentially soluble in the water pool 
i . e . P < 1 

Hence .. (IV.31) 

and when p = o i.e, reagent that is only soluble in water pool 


(K ) 
m ov 


) • F 

m wp w 


(IV, 31) 


Since K is a good measure of the dissociation constant of the 
m 

enzyme- substrate (ES) complex, therefore it becomes all the more 
necessary to decide that which (either ^^m^ov^ 

the physically relevant one. In general for most of the enzs^ss, 



133 


it; is found that; the value of (K ) is closer to (K ) and is 

m ov m a<3, 

generally more than an order of magnitude smaller than (K ) . 

m wp 

IV. 2 EXPERIMENTAL SECTION 
IV. 2.1 Material s 

, Source and purity of all the chemicals used in the present 
study has already been mentioned in the previous chapter. 

IV. 2. 2 Methods. 

The methods for the preparation of enzyme and substrate 

containing reverse micelles and measurements of enzyme reaction 

rate were similar to those described in chapter II. Dependence 

of the initial velocity on the substrate concentrations have been 

investigated by varying the concentration of substrates while 

keeping other parameters, which influence enzyme reaction rate, 

constant. Michaeiis constant (K_), and other kinetic and binding 

in 

parameters have been determined from Lineweaver-Burk (double 
reciprocal) plots. 

IV. 3 RESULTS AMD DISCUSSIOH 

IV. 3.1 Michaella-Menten Klnetioa 

Investigations on the dependence of the enzyme reaction rate 
with substrate concentration in reverse micellar medium show that 
these enzymes (DHFR, LDH and MDH) follow Michael is -Menten 
kinetics. Fig IV.! shows the effect of NADPH concentration on DHFR 



a 

E 



[NADPHJ j ;jM 


Fig, IV. 1. Dependence of.DHFR activity on NADPH concen- 
trations in 100 mM CTAB/chloroform: isooctane 
(1:1, v/v) at w 14.44 and pH 7.0. FAH 2 
conc 0 nt. ration w§s 60 juM and bnfrar was 
25 inM Tris-HCl. 




[FAH2],^M 

Fig.IV.2. Effect- of FAH- concentrations on DHFR activity 
in CTAB/chloroform-isooctane micellar syston at 
w 14.44 and 7.0. The concentrations were: 
[Stab] = lOO mM; [nadPH] = 60 ILM; [buffer, 
Tris-'HCl] = 25 mM. 
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ac'tivi'ty at optimum conditions and constant (saturation) FAHg 
concentration. Enzyme activity increases almost in linear 

fashion and maximum activity was found at 60 uM NADPH 
concentration. The effect of substrate concentration on the 

activity of DHFR at constant and saturation concentration of NADPH 
is shown in Fig. IV. 2. The effect of FAHg concentration seems to 
be similar to NADPH concentration, showing maxima at a 

concentration of 60 uM. 

The effect of NADH and sodium pyruvate concentration on the 
activity of lactate dehydrogenase at optimum conditions is shown 
in Fig. IV. 3 and in Fig. IV. 4 respectively. The enzyme activity 
increases with increasing concentration of substrates up to 0.2 
mM of NADH and 1 mM of Na pyruvate concentration. 

Fig. IV. 5 shows MDH activity vs. NADH concentration profile 
at optimum conditions and fix concentration of oxaloacetate at 
saturation. The increase in NADH concentration results in linear 
increase in MDH activity up to 0.2 mM NADH concentration. Effect 
of substrate oxaloacetate concentration on MDH activity is shown 
in Fig. IV. 6. The enzyme shows maximum activity at 0.5 mM 
oxaloacetate concentration. These plots showing the effect of 
substrate concentration on enzyme activity demonstrate that 
Michael is -Menten Kinetics is followed by these enzymes in reverse 
micelle. At high substrate or coenzyme concentration the 
deviation from Michael is -Menten kinetics occurs because of 
substrate inhibition which will be discussed in section IV. 3. 2. 
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[nadh] , ;jM 

Fig. IV. 3. Variation of LDH activity with NADH concentrations 
in CTAB micellar system afw 30,55, pH^7.0. The 
concentrations were : [ctab] = 100 mM; [Na pyruvate] = 
1 mM. The buffer was 100 mM potassium phosphate. 
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Effect of Na pyruvate concentrations on LEH activity 
in reverse micellar system of CTAB in chloroform: 
isooctane (1:1/. v/v) at w 30,55, pH 7,0, The conc^ 
trations were [ctAB] = 100 mM, [NAmJ = 0,2 mM, The 
buffer was same as in Fig, IV, 3, 


Fig. IV. 4. 
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IV. 3. 2 Eb^n<?m^ncn q 1 aabstratg inhibition 

To overcome the problem of product inhibition and approach 
to equilibrium, generally high concentration of substrate is 
used. But some times very high substrate concentration results 
in the fall of enzyme activity which is called the phenomenon of 
substrate inhibition. Due to this phenomenon hyperbolic kinetics 

3 

with an asymptote V may not apply . In the case of 

dihydrofolate reductase assayed in the direction of 
tetrahydrof olate formation, NADPH or dihydrofolate concentrations 
higher than about 60 uM lead to a lowering of initial rate (Figs. 
IV. 1 and 2). Similarly, the data of Figs. IV. 3 and 4 gives the 
occurrence of substrate inhibition for lactate dehydrogenase. 
LDH was assayed in the direction of lactate formation. When the 
coenzyme (NADH) concentrations became more than 0.2 mM or 
pyruvate concentrations became more than 1 rtvM, LDH activity 
decreased from its maximum value. In an identical fashion when 
malate dehydrogenase was assayed in the direction of malate 
formation, NADH concentrations higher than 0.2 mM or oxaloacetate 
concentrations higher than 0 . 5 mM resulted in the display of 
reduced enzsnne activity. This phenomenon of substrate inhibition 
may be attributed to the formation of tight substrate -NADP^ or 
NAD^ enzsrme abortive complex. Possible mechanism of substrate 
inhibition is given below 

NADH/NADPH + Substrate > Product -t- NAdVnADP''’ 



(NAD'^/NADP'^ + Substrate + Enzyme) — Ternary complex 



fi- c:) 
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Dependence of MDH activity on NADH concentrations in 
TAB micellar systan at w_ 25.55^ pH 10.3, The cone en- 
rations were: i.CTA3] = IDO inM, (.Oxaloacetate] = 0.5 mM 
The buffer was 100 raM Glycine— KOH. 
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Fig. IV. 6. Variation of MDH activity with oxaloacetate concen 
trations in 100 mM CTAB/chlorofoxrm; isooctane (1:1, 
v/v) at w 25.55, pH 10,3. The NADH concentration 
was. 0.2 iniR. Buffer was same as in Pig. IV, 5. 
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Other factors such as high substrate concentration in water pool, 
enzyme reactions at very Low water content in the reverse 
micellar microenvironment may also influence the rate. 

IV. 3. 3 Lineweaver-Burk Plots : Determination of kinetic imd 
binding properties of enzymes 

Fig. IV. 7 shows the variation of inverse of DHFR catalyzed 

reaction rate with inverse of NADPH concentration at four ^^^^2 

concentrations. These plots are linear and meet on X-axis. 

Double reciprocal plots of DHFR reaction rate and dihydrofolate 

concentration at different NADPH concentration are given in Fig. 

IV. 8. Data for these primary plots of Fig. IV. 7 and 8 were 

obtained by observing the effect of substrate and coenzjrme 

concentrations on DHFR activity at w^ = 14.44, pH 7.0 and 100 mM 

CTAB concentration. The Michael is constant (K ) for 

m 

dihydrofolate and NADPH were determined from the secondary plots 
obtained by plotting intercept on 1/V axis of one substrates 
against reciprocal of concentration of other substrate (Fig. 
IV. 9). Fig. IV. 10 and IV. 11 show the Lineweaver-Burk plots for 
DHFR catalysed reactions at a different water pool viz. w^ = 
7.22, pH 7.0 and 100 mM CTAB concentration. The intercept 
obtained on 1/V axis in Fig. IV. 10 and IV. 11 are plotted against 
inverse of substrate concentrations to obtain the secondary plots 
shown in Figs. IV. 12(a) and (b). From these plots values were 
determined. Table IV. 1 summarizes the data on kinetic and 
binding properties (K, V^^^ andK.) of dihydrofolate reductase 

Ul iTlclJv ^ 
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0 16.66 33.32 49.98 66.64 


l/[NAOPH],(mMr' 

Lineweaver~Burk plots for initial IH PR rate with 
NADPH concentrations in CTAB micellar system at 
different FM 2 concentrations and 14.44, pH 7,0, 
100 ml^l CTAB. 


Fig. IV. 7. 
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Fia.IV.8, Double reciprocal plots for initial DHFR rate 
with FAH„ concentrations in CTAB/ch loro form: 
isooctane (1:1, v/v) at different NADPH concen 
trations and w 14,44# pH 7,0, 100 mM CTAB, 
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Fig. IV. 9(b) 
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Fig.IV.9(i?i) 

Fig. IV. 9 (a) 

Intercept on 1/v axis of Fig, IV, 7 plo-tted as 
a function of inverse ^^2 'concentxa^ions. 

Fig. IV. 9 (b) 

Plot of intercept on 1/v axis of Pig. IV, 8 with 
reciprocal of NADPH concentrations. 
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L'ineweaver-Burk plots for initial rate of DHFR 
with NADPH concentrations in 100 mM CTAB in 
chloroform: isooctane (1:1, v/v) at different 
concentrations of FAH^ and w„ 7,22, pH 7,0, 





Fig. IV. 11 
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Fig. IV. 12(b) 



S. 10 

u 

V. 

u 

c 5 



0 16.66 33.32 49.98 66.64 


i/[FAH 2 ] , (mM)"' 


Fig. IV. 12(a) 

Fig. IV. 12(a) 

Intercept on^vaxis of Fig. IV. 10 plotted 
as a function of inverse FAH 2 concentrations 

Fig. IV. 12(b) 

Intercept on 1/v axis of Fig. IV. 11 plotted 
as a function of reciprocal of NADPH 
concentrations. 
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at two w^ values viz. 14.44 and 7.22. The value of these kinetic 
parameters are reported in overall volume as well as in the water 
pool of reverse micelles. 

Fig. IV. 13 and IV. 14 show the Lineweaver-Burk plots for LDH 
catalyzed reaction at w^ = 30.55, pH 7.0 and 100 mM CTAB 
concentration. and Pyruvate been calculated from 

the secondary plots (IV. 15) . LDH catalyzed reaction was further 
studied at a lower water pool namely at w^ = 16.66, pH 7.0 and 

100 mM CTAB concentration and the data in the form of double 

reciprocal plots is shown in Fig. IV. 16 aind IV. 17. values at 

this water pool were obtained from Fig. IV. 18. The kinetic and 

binding properties of LDH obtained from the data of Figs. IV. 13 

to IV. 18 are given in Table IV. 2. 

Effect of substrate concentrations on malate dehydrogenase 
activity shows that MDH also follows Lineweaver-Burk kinetics for j 

both NADH and oxaloacetate (Fig. IV. 19 and IV. 20). Michaelis } 

. ■ 

constant for the MDH have been calculated from Fig. IV. 21. 

Kinetic and other parameters for MDH catalysed reaction are 

■ 

summarized in Table IV. 3. These results on the dependence of 

' ^ ' I' 

substrate concentration on enzyme activity show that in general 
■these enzymes (DHFR, LDH and MDH) follow Inifial velocity pa't'tern 
in reverse micellar medium. 

The values of (K ) determined for these enzymes seem to be 

m ov 

closer to the value obtained in water whereas shows very 

high value compared to those in water. Since is a good 

measure of the dissociation constant of the enzyme-substrate 
complex, ^ ^ *^^m^ov indicates that the stability of the ES complex 


1/[NADH] 


Fig. IV. 13. 


Double reciprocal plots for initial rate of LDH 
with NADH’ concentrations in CTAB reverse micellar 


system at different Na pyruvate concentrations and 
/ 30.55, pH 7.0 and 100 mM CTAB. 
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Fig. IV. 14. 
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Lineweaver— Burk plots for initial rate pf LDH with 
Na pyruvate concentration in CTAB/ chloroform: iso” 
octane (1:1, v/v) at different concentrations of 
NADH and w 30,55, pH 7,0 and 100 mM CTAB, 
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Fig. IV. 15(b) 



l/iNaPyruvatc] ^ (mM)" 

1 


Fig.IV.15(a) 


Fig. IV. 15(a) 

Intercept on 1/v axis of Fig 
a function of reciprocal of 
trations. 

. IV. 13 plotted as 
Na pyruvate concen* 

Fig. IV. 15(b) 

Secondary plot of intercept 
IV. 14 ys reciprocal of NADH 

on 1/v axis of Fig 
concentrations. 
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Fig. IV. 17. 


Lineweaver-Burk plots for initial rate of LDH 
with Na pyrgvate concentrations in CTAB/chloro 
form: isooctene (1:1/ v/v) at different NADH 

pH 7.0 and 100 raM 
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CTAB - ° 
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Pig. IV. 18(b) Intercept on 1/v axis of Fig. IV, 17 plotted as a 
function of NADH concentration. 



Fig. IV. 18 (a) Secondary plot of intercept on 1/v axis of Pig, 

Y3 inverse of Na pyruvate concentrations. 
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Fig. IV. 19. 


Double reciprocal plots 

with NADH concentration in 100 mM C^AB in cnioro 

£im-isooc?Le at different cxaloaeetate concen- 
tration and- 25.55/ pH 10.3. 
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Fig. IV. 20, Lineweaver-Burk plots for initial MCH rate with 
oxaloacetate concentration in GTAB micellar sys 
at different NADH concentrations and w_ 25.55, 
pH 10.3 and 100 mM CTAB, 
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Fig.IV.21(a) Intercept on 1/v axis of Fig. IV. 19 plotted as 
a fxxnction of oxaloacetate concentrations. 

Fig.IV.21 (b). Intercept on 1/v axis of Fig. IV.2G plotted 
as a function of NATH concentrations. 
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remains almost unaltered in reverse micelles while (K ) shows 

m wp 

that the ES complex is considerably destabilized as compared to 
that in aqueous solution. 

In the case of DHFR, the comparison of data (Table IV. 1) 

shows that on reducing the water content of the water pool, 

(K^)oy V^^^ also reduce while sind (both overall 

and water pool) show increase in their values. Since (K ) 

m ov 

seems to be valid K in reverse micelles (reverse micellar 

m 

solution behaves as a homogeneous solution, therefore substrate 
concentration is considered for overall volume) the decrease in 
(k^)^v at low waterpool shows that ES complex is significantly 
stabilized as compared to that in higher water pools. 

Michael is constants determined for LDH show that ^^m^ov 

values are comparable to values of K obtained in aqueous solution 

whereas (K ) values are an order of magnitude higher (Table 
HI wp 

IV. 2). The K values obtained at two different w^ values viz w 

= 30.55 and 16.66, show that enzyme at higher water content (w^ = 

30.55) displays low K and higher V^^^. Low K indicates that ES 

in zno.x. m 

complex is more stabilized at higher w^ value. 

The values obtained for MDH indicate that aqueous 

less than (K ) and much less than the (K )„_ (Table IV. 3) the 
m ov in wp 

ES complex in micellar media is destabilized as compared to the 
aqueous medium. 

Present study shows that in all the ®^zymes is 

slightly smaller than the (K^^)^^, where it is more than an order 
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TABLE IV. 1. Kinetic and binding properties of dihydrofolate 
reduqitate (DHFR) 



GTAB reverse 

CTAB reverse 

Water 

System 

micelle w = 
14.44, pH?7.0 

micelle w = 

7.22, pH S 7.0 

pH=7.0 

K (ov) 

m ' 

0.120 

0.064 

0.007 

,,NADPH f X V, 

K (wp)^,mM 

in 

4.620 

4.920 

- 

FAH, 

K ■^(ov),niM 

m 

0.038 

0.028 

0.010 

FAH. 

K (wp) ,mM 

m ^ 

1,440 

■ 2.140 


Cl 

.0.200 

0.360 


(wp),mM 

7.690 

27.690 

' ' 

V , iiM min*”^ 

max'^ 

(mg enzyme) ^ 

8.110 

4.475 

8:110 


* ov = overall 
^ vf'g = vraterpool 
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TABLE IV. 2. Kinetic and binding properties of lactate 
dehydrogenase (LDH). 


System 

CTAB reverse 
micelle w = 

30.55, pH°= 7.0 

CTAB reverse 
micelle w = 
16.66, pH®= 7.0 

water 

pH=7.( 

m 

0.166 

0.400 

0.066 

,,NADH , 

K ('wp)~,mM 

m if' • 

3.018 

13.330 

- 

K^a pyruvate 
m 

,mM 2.000 

5.000 

0.800 

pyruvate 

m 

/inM 36.360 

166.660 

- 

(ov) 

0.115 

0.090 

- 

k^adh 

2.100 

3.000 

- 

V ,M-M min*”^ 

max 

(mg enzyme) ^ 

362.900 

266.100 

362.900 


* ov = overall 
wp = waterpool 
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TABLE IV. 3. Kinetic and binding properties of malate 
dehydrogenase (MDH). 


System 

CTAB reverse 
micelle w = 

25.55, pH°- 10.3 

water 

pH=7.5 

^NADH, „ 

(ov) ,inM 

0.150 

0.052 

,,NADHv .ji 
m ' * 

3.260 

- 

j.Oxaloacetate(^^, 

m 

0.500 

0.034 

j^Oxaloacetate(^j;^ 

m 

10.870 


^^NADH , . „ 

K , (ov) ,niM 

a 

0.160 



3.480 

-■ • 

« **1 

V min 

(mg enzyme)”’^ 

661.300 

826.600 


* ov = overall 

^ wp = waterpool 
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of magnitude smaller than (K ) . Similarly the value of (K ) 

tn wp m ov 

determined for other enzyme studied in reverse micelle namely 

10 11 8 
OC-chymotrypsin, , lysozyme, horseliver alcohol dehydrogenase, 

much more closer to (K ) . These results strongly support 

m aqueous 

“the concept that (K ) is a valid K in reverse micellar media 

m ov m 

and it should be preferred in comparison to 
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was successfully solubilized in non-aqueous medium. The enzyme 
shows its full activity in the medium which was 1005^ of its value 
in aqueous buffer at its optimum conditions. These results with 

LDH indicate that not only simple and small enzymes but also 

large and complex enzymes can be solubilized in apolar solvents 
where they can retain their activity. 

(6) For these enzymes in general it appears that enzyme 
activity is highly regulated by different parameters such as w^, 
pH, surfactant concentration, substrate concentration etc. 

(7) The studies show that these enzymes maintain their 
conformational integrity and subunit -subunit interaction in 
reverse micellar medium. 

(8) The results of time dependent stability on these enzymes 

(DHFR, LDH and MDH) show that these enzymes are stable for certain 
period of time in reverse micelles and at some conditions a 

better stability in reverse micelles than in aqueous medium was 

achieved. 

(9) The kinetic characteristics of these enzs^nes (DHFR, MDH 
and LDH) show that they obey Michael is -Menten kinetics in this 
microheterogeneous medium upto specific concentration range of 
substrate or coenzyme. 

(10) As in aqueous medium these enzymes (DHFR, MDH and LDH) 
follow same kind of initial velocity patterns in this non-aqueous 


medium. 
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(11) For these enzymes (DHFR, LDH and MDH) the Michaelis 

constants (K ) in reverse micellar medium at different w were 
m o 

calculated from Lineweaver-Burk plots which are quite close to 

the value of K in aqueous medium. Since K is a good 

rti m 

measurements of dissociation constant of enzyme-substrate (E-S) 
complex therefore K in micellar medium (K K 

m Bi B 

indicates that the stability of the E-S complex in reverse 

micellar media remains almost unaltered. 

It seems that these enzyme (DHFR, LDH and MDH) retain their 
maximum activity, conformational integrity, stability and kinetic 
characteristics in the hostile medium of surfactant and organic 
solvent as both the surfactant and organic solvent, when they are 
used separately are poisons for enzsmies. But the aggregation of 
surfactants in organic solvents protects enzymes from denaturation 
and provides a realistic picture of the enzyme behavior as this 
microheterogeneous environment is somewhat similar to cellular 
environment. Since reverse micelles have some features similar 
to those of biomembranes, therefore display of super activity by 
DHFR shows that enzyme in vivo may posses higher activity than 
actually found by in vitro studies in aqueous solutions. 

Enzyme containing reverse micelles open new prospects for 
studies on membrane bound enzymes which are either unstable or ; 
loose some fraction of their activity in aqueous solution and on j 
enzyme having water-insoluble substrates. Since enzyme 
containing reverse micelles have many biotechnological 
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applicat.ion such as fine organic synthesis, synthesis of water 
insoluble compounds (steroids, lipids, fats etc.), peptide 
synthesis, separation and isolation of proteins, energy 
conversion processes, medical application etc. Hence presently 
investigated enzymes which are almost fully active or super 
active in microheterogeneous system, may find widespread use in 
enzyme mediated synthetic processes. It seems that this 
versatile medium for the study of enzyme reactions in vitro has 
tremendous potential and may help to extended the utility of 


enzymes in other area of science. 
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